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The  fundamental  combustion  and  emissions  properties  of  advanced  biofuels  are  reviewed,  and  their 
impact  on  engine  performance  is  discussed,  in  order  to  guide  the  selection  of  optimal  conversion  routes 
for  obtaining  desired  fuel  combustion  properties.  Advanced  biofuels  from  second-  and  third-generation 
feedstocks  can  result  in  significantly  reduced  life-cycle  greenhouse-gas  emissions,  compared  to 
traditional  fossil  fuels  or  first-generation  biofuels  from  food-based  feedstocks.  These  advanced  biofuels 
include  alcohols,  biodiesel,  or  synthetic  hydrocarbons  obtained  either  from  hydrotreatment  of  oxyge¬ 
nated  biofuels  or  from  Fischer-Tropsch  synthesis.  The  engine  performance  and  exhaust  pollutant 
emissions  of  advanced  biofuels  are  linked  to  their  fundamental  combustion  properties,  which  can  be 
modeled  using  combustion  chemical-kinetic  mechanisms  and  surrogate  fuel  blends.  In  general,  first- 
generation  or  advanced  biofuels  perform  well  in  existing  combustion  engines,  either  as  blend  additives 
with  petro-fuels  or  as  pure  “drop-in"  replacements.  Generally,  oxygenated  biofuels  produce  lower 
intrinsic  nitric-oxide  and  soot  emissions  than  hydrocarbon  fuels  in  fundamental  experiments,  but 
engine-test  results  can  be  complicated  by  multiple  factors.  In  order  to  reduce  engine  emissions  and 
improve  fuel  efficiency,  several  novel  technologies,  including  engines  and  fuel  cells,  are  being  developed. 
The  future  fuel  requirements  for  a  selection  of  such  novel  power-generation  technologies,  along  with 
their  potential  performance  improvements  over  existing  technologies,  are  discussed.  The  trend  in  the 
biofuels  and  transportation  industries  appears  to  be  moving  towards  drop-in  fuels  that  require  little 
changes  in  vehicle  or  fueling  infrastructure,  but  this  comes  at  a  cost  of  reduced  life-cycle  efficiencies  for 
the  overall  alternative-fuel  production  and  utilization  system.  In  the  future,  fuel-flexible,  high-efficiency, 
and  ultra-low-emissions  heat-engine  and  fuel-cell  technologies  promise  to  enable  consumers  to  switch 
to  the  lowest-cost  and  cleanest  fuel  available  in  their  market  at  any  given  time.  This  would  also  enable 
society  as  a  whole  to  maximize  its  global  level  of  transportation  activity,  while  maintaining  urban  air 
quality,  within  an  energy-  and  carbon-constrained  world. 
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1.  Introduction 

As  stated  by  MacLean  and  Lave  [1],  the  use  of  gasoline  or 
diesel  in  an  internal  combustion  engine  is  likely  to  remain  the 
most  cost-effective  overall  ground-based  transportation  propul¬ 
sion  system  for  the  near  future.  However,  concern  over 
greenhouse-gas  emissions  and  the  potential  for  rapid  increases 
in  petroleum  prices  due  to  supply-demand  constraints  motivates 
a  search  for  alternative  transport  fuels,  as  well  as  high-efficiency 
conversion  technologies  that  can  obtain  the  maximum  motive 
power  (energy)  out  of  the  available  chemical  fuels.  Liquid  fuels 
remain  attractive  for  transportation  because  of  their  high  energy 
density:  a  teaspoon  of  gasoline,  diesel  or  jet  fuel  contains 
chemical  energy  equivalent  to  the  kinetic  energy  of  a  1000  kg 
vehicle  being  driven  at  100  km/h  [2], 

The  first  developments  in  biofuels  for  transportation  applica¬ 
tions  were  based  on  the  well-established  processes  of  converting 
plant  sugars  into  ethanol  via  fermentation,  and  the  upgrading  of 
vegetable  oils  via  transesterification.  Ethanol  is  a  high-octane  fuel 
compatible  with  the  majority  of  spark-ignition,  or  gasoline-fueled, 
internal  combustion  (IC)  engines  on  the  road  today,  as  long  as  it  is 
blended  with  gasoline  at  a  reasonable  level  [3],  The  high-level  of 
interest  in  ethanol  as  a  biofuel  was  motivated  by  the  seemingly 
easy  merging  with  existing  infrastructure  and  the  relatively  low 
cost  of  producing  the  fuel  due  to  an  existing  and  proven  alcohol 
production  industry. 

Similarly,  biodiesel  gained  importance  for  compression-igni¬ 
tion,  or  diesel,  engines  due  to  its  relative  ease  of  manufacture.  The 
use  of  plant  oils  as  a  transportation  fuel  was  suggested  by  the 
visionary  Rudolf  Diesel  at  the  very  dawn  of  our  current  internal- 
combustion-engine  driven  society,  when  he  stated: 

“the  fact  that  fat  oils  from  vegetable  sources  can  be  used  may 
seem  insignificant  today,  but  such  oils  may  perhaps  become  in 
course  of  time  of  the  same  importance  as  some  natural  mineral 
oils  and  tar  products  are  now... .they  make  certain  that  motor- 
power  can  still  be  produced  from  the  heat  of  the  sun,  which  is 
always  available  for  agricultural  purposes,  even  when  all  our 
natural  stores  of  solid  and  liquid  fuels  are  exhausted”  [4], 

Vegetable  oils,  in  raw  form,  can  be  used  as  fuels  for  IC  engines, 
but  engine  wear  problems  and  poor  combustion  performance,  as 
well  as  the  related  higher  emissions  levels,  motivate  extra  fuel 
processing  to  convert  the  triglycerides  in  the  raw  oils  to  the  fatty- 
acid  esters  known  as  biodiesel  [3,5-7],  Traditionally,  methanol  has 


been  used  during  the  trans-esterification  reaction  producing  fatty- 
acid  methyl  esters  (FAME),  but  ethanol  or  propanol  have  been 
suggested  for  improving  the  cold-flow  performance  of  biodiesel 
fuels  [6,7],  and  use  of  bioethanol  can  improve  the  sustainability  of 
the  resulting  biodiesel  [8,9],  but  this  may  come  with  associated 
cost  increases. 

Increasing  concerns  over  the  environmental  impacts  of  so- 
called  first-generation  biofuels  [10-14],  which  include  ethanol 
from  corn  and  biodiesel  from  soybean  or  other  edible  oils,  has 
motivated  efforts  to  find  other  feedstocks.  The  first  efforts  in  this 
area  focused  on  conversion  of  nonedible  oils  [15],  from  crops  such 
as  camelina  [16,17]  or  jatropha  [15,18-21],  into  biodiesel  or 
synthetic  hydrocarbons,  while  current  efforts  are  focusing 
on  finding  ways  of  converting  the  cellulosic  fraction  of  the  biomass 
into  a  suitable  fuel  source  [11-14,22-25],  Such  cellulosic- 
derived  fuels  are  commonly  termed  second-generation  biofuels 
[12-14,26].  While  ethanol  is  a  possible  fuel  product  from  cellulosic 
biomass  [13,14,22-25],  there  has  been  a  significant  increase  over 
the  past  few  years  in  the  number  of  potential  new  fuel  molecules, 
including  methanol  [27,28],  butanol  [14,25,29-31],  longer-chain 
alcohols  [32],  furan-based  molecules  [33-35],  and  bio-derived 
synthetic  hydrocarbons  [13,23,35-39],  Third-generation  biofuels 
are  considered  to  be  those  fuels  that  are  derived  from  algae 
feedstocks  [40-46],  which  could  be  FAME  [45,47]  or  synthetic 
hydrocarbons  obtained  from  upgrading  algal  oils  [26,47,48].  Pro¬ 
duction  of  synthetic  hydrocarbon  fuels,  which  store  primary 
energy  from  solar  or  nuclear  sources  as  chemical  energy,  directly 
from  water  and  recycled  carbon  dioxide,  after  its  capture  from 
exhaust  stacks  or  the  atmosphere,  has  also  been  proposed  [49-52], 
These  synthetic  “solar  fuels"  [50-52]  will  have  similar  combustion 
properties  to  bio-derived  synthetic  hydrocarbons  of  the  same 
molecular  composition. 

Within  the  aviation  community,  it  has  become  clear  that  the 
conversion  of  the  global  aircraft  fleet  to  operate  on  a  new  fuel 
molecule  is  unacceptable  from  a  cost  and  logistical  perspective. 
Therefore,  all  biofuels  for  aviation  use  must  be  “drop  in”,  a  term 
that  means  that  the  fuels  must  meet  the  general  requirements  of 
the  ASTM  specification  for  jet  fuel  (ASTM  D1655)  [53,54], 
A  standard  has  been  created  (ASTM  7566)  that  allows  blends  of 
up  to  50%  of  synthetic  hydrocarbon  alternative  jet  fuels  to  be  used 
when  mixed  with  conventional  commercial  jet  fuel,  but,  currently, 
only  for  select  processes  from  specific  feedstocks  [55],  These 
synthetic  hydrocarbon  fuels  can  be  obtained  either  through 
Fischer-Tropsch  synthesis  [36,38,39,53],  or  by  hydrotreatment  of 
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triglycerides  from  vegetable  oils,  or  animal  fats,  to  remove  all 
oxygen  content  from  the  fuel  [36,53,56,57], 

The  present  review  discusses  the  combustion  properties  of  a 
range  of  advanced  biofuels  and  the  impact  of  these  different 
properties  on  engine  performance  and  exhaust  pollutant  emis¬ 
sions.  The  conversion  technology  employed,  along  with  the 
biomass  feedstock  in  some  cases,  determines  the  chemical  content 
and  molecular  structure  of  the  fuel  molecules,  which  will  affect 
the  combustion  chemistry  and  the  resulting  pollutant  emissions 
when  they  are  used  in  engines.  It  is  important  to  clarify  that  this  is 
only  one  of  the  many  factors  that  will  be  important  in  the  decision 
to  choose  a  specific  biofuel,  and  its  associated  conversion  process 
and  feedstock(s).  The  technical,  economic  and  environmental 
issues  surrounding  the  production  of  these  advanced  biofuels, 
including  the  availability,  cost  and  sustainability  of  the  feedstock 
[11,46,58-72],  the  efficiency  and  cost  of  the  associated  biological 
or  thermochemical  biomass-to-biofuel  conversion  technology 
[8,12-15,20,22-25,27-29,73-75],  and  the  life-cycle  greenhouse 
gas  emissions  [11,50,56,57,62,65,66,70,71,76-78],  are  complex 
topics  that  have  been  extensively  discussed  and  reviewed  else¬ 
where.  In  addition  to  biofuels,  bioenergy  can  be  harnessed  by 
burning  biomass  in  power  stations  to  generate  electricity  which  is 
then  used  in  electric-drive  cars  [79],  or  even  by  directly  burning 
biomass  dusts  within  internal-combustion  engines  [80];  however, 
discussion  of  these  topics  is  outside  the  scope  of  the  present  paper. 
Biomass  can  also  be  gasified  into  producer  gas  or  synthesis  gas 
(syngas),  or  be  anaerobically  digested  to  form  biogas  (bio¬ 
methane).  These  are  of  current  interest  as  potential  fuels  for 
stationary  power  generation,  e.g.  [81],  but  are  not  currently 
considered  feasible  transportation  biofuels  within  the  context  of 
this  review. 

The  basic  types  of  advanced  biofuels  are  discussed  in  Section  2, 
followed  by  the  combustion  properties  of  such  fuels,  grouped  by 
the  engine  type  that  they  are  most  compatible  with,  in  Section  3. 
The  review  is  intended  as  a  high-level  overview  of  the  combustion 
and  emissions  properties  of  a  broad  range  of  advanced  biofuels  for 
non-combustion  specialists.  Many  of  the  topics  herein  have  been 
reviewed  in  detail  in  past  publications  and  preference  is  given  to 
these  sources  when  available.  The  review  will  also  discuss 
advanced-engine  and  fuel-cell  technologies  that  can  more- 
efficiently  convert  the  chemical  energy  stored  in  the  fuel  into 
motive  power  (energy),  i.e.,  increase  fuel  efficiency,  while  simul¬ 
taneously  producing  lower  exhaust  emissions  than  traditional 
spark  ignition  (SI)  or  compression-ignition  (Cl)  engines  to  meet 
future  emissions  regulations  and  improve  urban  air  quality.  The 
optimal  properties  of  fuel  blends  for  future  vehicles  will  be 
determined  through  advanced-engine  research,  which  already 
suggests  changes  from  traditional  gasoline  and  diesel  specifica¬ 
tions  due  to  the  move  to  low-temperature  combustion.  The 
potential  operational  improvements,  in  terms  of  efficiency  and 
emissions,  and  fuel  requirements  of  a  selection  of  advanced  engine 
and  fuel-cell  concepts  are  discussed  in  Section  4. 


2.  Advanced  biofuel  classification 

Ethanol  and  fatty-acid  methyl  ester  (FAME)  biodiesel  are  well 
known  first-generation  biofuels,  but  the  development  of  advanced 
conversion  technologies  that  can  make  use  of  cellulosic  feedstocks 
has  identified  an  ever-increasing  array  of  potential  new  fuel 
molecules.  Biochemical  enzymatic  conversion  technologies  can 
convert  cellulose  to  sugars  that  are  then  converted  to  ethanol 
[13,14,22,24],  butanol  [14,29,30],  higher  alcohols  (pentanol,  hex- 
anol,  etc.)  [32,82-84],  or  other,  more  exotic,  compounds,  such  as 
furans  [33,35,85],  These  cellulosic-derived  second-generation  bio¬ 
fuels  are  oxygenated  hydrocarbon  molecules  with  relatively  small 


numbers  of  carbon  atoms,  and  their  physical  and  chemical  proper¬ 
ties  have  an  influence  on  their  combustion  efficiency  and  exhaust 
pollutant  emissions  [86,87],  Ethanol  has  been  widely  used  as  a  fuel 
additive  in  gasoline  and  as  a  pure  biofuel  in  Brazil  [3,22],  Methanol 
can  be  produced  via  catalytic  synthesis  using  gasified  biomass  or 
natural  gas  as  a  feedstock  at  high  efficiencies  [27,28],  Butanol  has 
been  suggested  as  a  more-compatible  fuel  than  ethanol  for  the 
gasoline  fueling  infrastructure  and  has  received  significant  atten¬ 
tion  in  the  past  few  years  [14,29-31],  Longer-hydrocarbon-chain 
alcohols  [32,82-84]  are  even  closer  to  hydrocarbons  in  their 
chemical  structure  and  would  also  be  compatible  fuels.  Furans 
are  more  exotic  fuels  that  can  be  seen  as  potential  fuel  additives 
[34,35],  or  as  intermediate  products  that  can  be  upgraded  to 
synthetic  hydrocarbon  fuels  [35],  similar  to  those  that  result  from 
Fischer-Tropsch  synthesis  (see  below). 

Plant  oils  from  second-  and  third-generation  feedstocks,  such 
as  camelina  [16,17,77],  jatropha  [15,18-21],  and  algae-derived  oils 
[45-47,58,88,89],  are  made  up  of  triglycerides  with  carbon  chains 
of  varying  length.  Whether  non-edible  oils  from  camelina  and 
jatropha  can  be  called  second-generation  biofuels,  or  should  be 
lumped  in  with  first-generation  biofuels,  is  debatable  [26],  but  the 
key  concerns  in  selecting  a  biofuel  are  not  its  nomenclature,  but 
rather  its  overall  carbon  footprint,  its  impact  on  engine  perfor¬ 
mance  and  resulting  life-cycle  pollutant  emissions,  its  compat¬ 
ibility  with  fueling  infrastructure,  and  its  overall  cost  compared 
to  other  options.  Using  existing  transesterification  processes  with 
methanol,  these  triglycerides  can  be  converted  into  three 
fatty-acid  methyl  ester  (FAME)  molecules,  with  glycerol  as  a 
byproduct  [5],  FAME  from  camelina,  jatropha  or  algal  sources  is  a 
mix  of  methyl  esters  with  carbon  chains  of  lengths  from  10  to  20 
carbon  atoms  with  the  highest  fractions  in  the  06-18  range 
[15,16,18-20,87,89],  Such  plant-oil  based  FAME  biodiesel  fuels  have 
been  successfully  used  for  some  time  in  diesel  engines,  but  have 
serious  shortcomings  with  regard  to  cold  start,  fuel  stability  and 
cloud  point  [5,6,87,90].  One  mechanism  for  overcoming  these  issues 
is  to  hydrotreat  the  triglycerides  to  remove  all  oxygen  from  the  oil 
[73].  This  process  results  in  a  hydrotreated  renewable  jet  (HRJ)  or 
renewable  diesel  fuel  composed  of  straight-  and  branched-chain 
paraffin  hydrocarbon  molecules  that  are  a  major  component  of 
petroleum-derived  jet  and  diesel  fuels  [37,48,53,56,57,73,77], 
Hydrotreated  or  hydro-deoxygenated  renewable  jet  and  diesel 
fuels,  sometimes  also  called  hydro-processed  esters  and  fatty  acid 
(HEFA)  jet  or  diesel  fuels  e.g.,  [56],  can  be  considered  to  be  synthetic 
hydrocarbons  of  a  similar  type  to  Fischer-Tropsch  fuels. 

Fischer-Tropsch  (FT)  synthesis,  the  most-common  biomass-to- 
liquid  technology,  typically  produces  a  mix  of  straight-chain  alkane, 
or  paraffin,  molecules,  which  have  a  variety  of  hydrocarbon  chain 
lengths  [13,36-39,91-93].  Distillation/fractionation  of  this  “bio¬ 
crude”  will  lead  to  fractions  that  are  similar  to  gasoline,  diesel 
and  jet  fuel  [36,91-93],  Some  fractions  will  be  made  up  of  longer 
chains  with  lower  vapour  pressure  than  would  normally  be  used  for 
heating  oil  or  bunker  fuel  purposes  and  there  will  also  be  lighter 
fractions  that  are  similar  to  natural  gas,  propane  or  butane  [91],  It  is 
possible  to  re-introduce  the  short-chain,  high  vapour  pressure 
portion  back  into  the  reactor  so  that  additional  carbon  groups  will 
be  added  to  produce  higher-value  fractions,  and  the  long-chain 
hydrocarbons  may  be  catalytically  cracked  into  more  useable 
fractions  [36,92-94].  Fischer-Tropsch  synthesis  results  in  hydro¬ 
carbon  molecules  with  no  oxygen  content,  leading  to  excellent 
compatibility  with  existing  engine  and  fueling  infrastructure 
[37,94],  The  lack  of  aromatic  content  in  Fischer-Tropsch  fuels  can 
lead  to  issues  associated  with  poor  lubricity  and  seal-swell  pro¬ 
blems  that  must  be  overcome  for  it  to  be  used  within  the  current 
ground  and  air  transportation  fleets  [36,94-96],  Aromatic  com¬ 
pounds,  such  as  benzene  or  toluene,  are  hydrocarbon  molecules 
that  are  stabilized  by  shared  electrons  within  their  carbon-ring 
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structure,  and  are  named  as  such  due  to  their  characteristic  sweet 
smell.  The  Fischer-Tropsch  products  can  undergo  isomerization 
processing  to  create  branched  hydrocarbons  for  gasoline  and  jet- 
fuel  applications,  or  reactions  at  high-temperatures  can  create 
aromatics  and  napthas  [36,94],  which  could  lead  to  a  fully- 
renewable  biojet  fuel. 

Fast  pyrolysis  liquid  (PL),  or  bio-oil,  is  a  biomass-derived  fuel 
created  by  thermally  cracking  biomass  and  rapidly  condensing  the 
stream  of  product  vapors  and  aerosols  into  a  liquid  [13,97], 
Without  additional  refining,  PL  is  high  in  water  and  solid  content, 
acidic,  not  fully  distillable  and  has  a  heating  value  about  one 
half  that  of  conventional  liquid  petroleum  fuels  on  a  volumetric 
basis  [98],  It  is  typically  a  dark  brown,  single-phase  liquid 
consisting  of  an  aqueous  fraction  with  low  molecular  weight, 
oxygenated  compounds,  and  a  tar  fraction  containing  high- 
molecular- weight  lignin  constituents  [99].  Although  PL  has  been 
commercially  produced  for  about  30  years  within  the  chemical 
industry,  it  has  only  recently  been  considered  as  a  viable  biofuel. 
There  are  multiple  problems  associated  with  direct  utilization  of 
raw  PL  in  engines  [100,101],  that  indicate  that  only  upgraded  PL 
will  make  a  viable  transportation  fuel.  No  commercially-viable 
upgraded  PL  has  yet  been  produced,  nor  are  any  standards 
available  for  certification,  but  it  is  likely  that  upgraded  PL  will 
have  similar  properties  to  hydrotreated  renewable  jet  or  diesel 
fuels  or  the  products  of  Fischer-Tropsch  synthesis  obtained  from 
biomass-to-liquid  technologies  [102,103], 

While  many  other  possible  conversion  technologies  can  be 
proposed  that  could  lead  to  a  variety  of  possible  hydrocarbons 
(some  oxygenated),  the  resultant  chemicals  will  typically  be 
similar  to  the  four  fuel  classes  identified  above:  (i)  alcohols  or 
other  short-hydrocarbon-chain  oxygenates:  (ii)  FAME  or  other 
biofuels  consisting  of  long-hydrocarbon-chain  oxygenates: 
(iii)  synthetic  hydrocarbons,  such  as  from  FT  synthesis  or  hydro¬ 
treated  oxygenated  biofuels  (e.g.,  from  vegetable  oils,  algae- 
derived  oils,  or  PLs);  or  (iv)  a  mix  of  many  compounds,  some 
oxygenated,  as  in  PL.  The  use  of  these  different  types  of  fuels  in 
engine  applications  is  discussed  in  the  next  section,  which  is 
organized  by  the  types  of  fuels  that  could  be  used  in  the  different 
engine  technologies  in  primary  use  for  transportation  today. 


3.  Combustion  and  emissions  properties  of  advanced 
transportation  biofuels 

An  excellent  overview  of  the  combustion  processes  involved  in 
different  internal-combustion  engine  types,  and  the  effect  that  first- 
generation  biofuel  properties  have  on  these  combustion  processes 
and  resulting  emissions,  is  provided  by  Westbrook  [87],  Our  three 
most  familiar  transportation  fuels  are  derived  from  different  cuts 
within  the  distillation  column  of  a  petroleum  refinery  and  are: 
(i)  gasoline,  with  4-10  carbon  atoms  per  molecule;  (ii)  jet  fuel,  with 
10-14  carbon  atoms  per  molecule;  and  (iii)  diesel,  with  around  15- 
22  carbon  atoms  per  molecule  [87].  The  type  of  biofuels  chosen  for 
an  engine  technology  can  be  inferred  from  this;  short-chain  alcohols 
are  used  as  gasoline  replacements,  while  long-chain  esters  (biodie¬ 
sel)  are  used  as  diesel  substitutes  [87],  Westbrook  points  out  that 
even  first-generation  ethanol  and  FAME  biofuels  are  more  similar  to 
conventional  petroleum  fuels  than  they  are  different,  but  that  the 
existing  differences,  even  if  small,  need  to  be  understood  in  order  to 
determine  the  effects  of  different  fuel  blends  on  engine  performance 
and  identify  optimal  fuel  blends  [87], 

A  major  driver  for  improved  engine  technologies  has  long  been 
the  increasingly-stringent  exhaust-emission  regulations  imposed 
to  improve  urban  air  quality  and  human  health.  The  key  emissions 
of  concern  are:  oxides  of  nitrogen  (NO*)  [104-107],  particulate 


matter  (PM  or  soot)  [108-110],  unburned  hydrocarbons  (UHC) 
[105,111,112]  or  oxygenates  such  as  aldehydes  [3,22,86,113],  and 
carbon  monoxide  (CO)  [3,105,113,114],  Nitrogen  dioxide  readily 
forms  from  nitric  oxide  in  the  atmosphere  and  causes  respiratory 
problems,  can  react  with  ammonia  and  moisture  to  create  small 
particles  that  can  cause  or  aggravate  respiratory  disease  and  heart 
disease,  and  can  react  with  volatile  organic  compounds  (VOCs), 
such  as  UHCs,  to  form  ground-level  ozone  [104],  Ground-level 
ozone  is  a  major  cause  of  urban  smog  [111],  and  this  ozone  causes 
respiratory  problems,  especially  in  people  with  asthma  [115].  NO* 
emissions  cause  acid  rain  [116],  which  leads  to  (i)  acidification  of 
lakes  and  streams,  lowering  the  pH  and  releasing  toxic  aluminum 
into  the  freshwater  that  harm  fish  populations  [117],  (ii)  slower 
growth,  injury,  or  death  of  plants  and  forests  [118],  and 
(iii)  damage  to  buildings  and  statuary  [116].  Sulfur  oxide  emissions 
(SO*)  also  cause  respiratory  problems  [119]  and  lead  to  acid  rain 
and  urban  smog  [120],  and  result  primarily  from  sulfur  present  in 
the  fuel;  SO*  emissions  have  been  greatly  reduced  with  the 
introduction  of  ultra-low-sulfur  diesel  fuels  since  around  2007. 
Particulate  matter  (PM),  or  soot,  emissions  are  especially  harmful 
when  they  are  below  10  pm  in  size,  because  they  are  transported 
deeper  into  the  lungs,  and  are  linked  to  respiratory  and  cardiac 
problems  [108],  PM  emissions  also  acidify  lakes  and  streams,  cause 
esthetic  damage  to  stone  and  other  materials,  and  are  the  main 
cause  of  reduced  visibility,  or  haze,  in  the  United  States  [108], 
Oxygenated-UHC  emissions,  such  as  aldehydes  and  ketones,  are 
toxic  emissions  that  are  currently  unregulated  [86],  Carbon  mon¬ 
oxide  reduces  the  oxygen-carrying  capacity  of  the  blood  and  can 
cause  death  at  sufficiently  high  levels  [114].  Carbon  dioxide 
emissions  typically  depend  upon  the  power  produced,  engine 
efficiency,  and  the  hydrogen-to-carbon  ratio  of  the  fuel  and,  for 
normal  engine  operation,  the  net  carbon  footprint  can  be  deter¬ 
mined  from  that  of  the  fuel  feedstock  and  biomass-to-biofuel 
conversion  process,  instead  of  relying  on  engine  tests.  The  effect  of 
using  advanced  biofuels  in  different  engine  types  on  the  vehicle’s 
exhaust  pollutant  emissions  will  be  discussed  in  the  following 
sections. 

3.2.  Spark-ignition  (gasoline)  engine  alternative  fuels 

3.2.2.  Spark-ignition  (SI)  engine  combustion  process 

A  cartoon  of  the  combustion  process  within  a  spark-ignition 
(SI,  or  gasoline)  engine  is  provided  in  Fig.  1  [87,121],  In  a 
traditional  port-fuel-injection  SI  engine,  the  gasoline  is  injected 
within  the  intake  manifold  (port)  upstream  of  the  intake  valve  so 
that  the  fuel  is  pre-vaporized  and  well  mixed  with  the  air  within 
the  engine  cylinder  [122],  A  spark  ignites  the  mixture  at  the 
desired  time  within  the  piston's  cycle  of  motion,  and  this  spark- 
ignited  flame  kernel  develops  into  a  high-temperature  turbulent 
premixed  flame  that  propagates  through  the  well-mixed  fuel-air 
engine  charge.  The  fuel-air  ratio  in  SI  engines  is  typically  kept  very 
close  to  the  stoichiometric  fuel-air  mixture  needed  for  complete 
combustion  in  order  to  use  modern  3-way  catalysts  for  exhaust 
treatment  [123].  The  pollutant  emissions  levels  leaving  the  cylin¬ 
der  of  a  SI  engine  running  at  the  stoichiometric  fuel-air  ratio  can 
be  very  high  due  to  high  flame  temperatures  leading  to  high  NO*, 
and  unburned  fuel  in  the  piston  crevices  leading  to  high  unburned 
hydrocarbon  (UHC)  emissions;  however,  emissions  from  SI  engines 
have  been  greatly  reduced  since  the  development  of  three-way 
catalysts,  which  can  control  the  carbon  monoxide,  NO*  and  UHC 
emissions  [112,124,125],  These  three-way  catalysts  require  that 
the  engine  be  operated  near  the  stoichiometric  fuel-air  ratio 
required  for  complete  combustion  to  avoid  oxygen  in  the  exhaust 
[2,124],  Unfortunately,  N20,  a  strong  and  long-lived  greenhouse 
gas,  and  UHC  emissions  can  be  high  before  the  catalyst  is  warmed 
up  following  a  cold  start  [2],  Indeed,  up  to  90%  of  the  total  UHC 
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Fig.  1.  Cartoon  of  the  combustion  process  in  a  spark-ignition  (gasoline)  engine. 
A  premixed  turbulent  flame  (PTF)  is  formed  after  ignition  from  the  spark,  and 
propagates  through  a  well-mixed  fuel-air  charge  within  the  cylinder.  The  flame  is 
colored  blue  as  it  is  a  non-sooting  flame  (cf.  Fig.  2)  and  the  flame  emits  chemi¬ 
luminescence  at  several  wavelengths  that  make  the  flame  appear  blue  to  our  eyes. 
Engine  knock  occurs  when  the  end  gases  (EG)  auto-ignite  after  undergoing  low- 
temperature  cool-flame  chemistry  following  their  compression  by  the  piston  and 
by  the  advancing  premixed  turbulent  flame. 

Cartoon  inspired  by  figures  in  Refs.  187,121], 

emissions  can  be  generated  within  the  first  90  s  after  starting 
while  the  engine  is  cold  [122],  For  SI  engines,  the  selection  of  a  fuel 
depends  on  its  auto-ignition  properties,  which  are  important  for 
engine  knock,  the  propagation  speed  of  the  premixed  turbulent 
flame,  and  the  resulting  pollutant  emissions. 

Engine  knock  is  an  unfavorable  engine  operating  condition, 
which  can  lead  to  significant  engine  damage,  that  occurs  when 
pockets  of  unburned  fuel-air  mixture,  termed  end  gases  (EG), 
spontaneously  ignite  before  they  are  consumed  by  the  flame  and 
result  in  rapid  pressure  rises  in  the  cylinder  [2,126,127].  The 
resulting  pressure  rise,  or  knock  intensity,  is  directly  proportional 
to  the  mass  of  end  gases  burned  by  auto-ignition  [127],  Engine 
knock  can  be  inhibited  by  using  a  higher  octane,  or  less  ignitable, 
fuel.  The  propensity  for  auto-ignition  to  occur  is  also  dependent  on 
the  compression  ratio  of  the  vehicle's  engine,  since  higher  com¬ 
pression  ratios  lead  to  higher  compressed-gas  temperatures  and 
faster  end-gas  reaction  rates,  such  that  engines  with  higher 
compression  ratios  demand  higher  octane  fuel  to  avoid  engine 
knock.  Higher  compression  ratio  engines  lead  to  improved  engine 
efficiency  and,  thus,  better  fuel  economy;  however,  in  a  given 
engine  with  a  fixed  compression  ratio,  as  long  as  the  octane  rating 
is  above  the  required  minimum,  the  octane  rating  of  a  fuel  has  no 
direct  impact  on  engine  performance. 

The  spark  ignition  leads  quickly  to  a  high-temperature  turbu¬ 
lent  premixed  flame  that  propagates  through  the  cylinder  and 
consumes  the  well-mixed  fuel-air  charge.  Therefore,  the  para¬ 
meters  that  determine  the  influence  of  a  fuel  on  its  combustion 
efficiency,  and  resulting  pollutant  emissions,  within  SI  engines  are 
its  flame  temperature,  the  speed  of  the  propagating  combustion 
wave,  or  “turbulent  flame  speed”,  and  the  pollutant  chemistry 
under  these  high-temperature  flame  conditions.  The  turbulent 
flame  speed  also  determines  the  rate  of  pressure  rise  in  the  end 
gases  which  can  affect  end-gas  auto-ignition  and  engine  knock 
[2,127],  with  fast  burning  engine  cycles  more  susceptible  to  knock 
as  would  be  expected  from  the  higher  rate  of  end-gas  compression 
[127],  Premixed  turbulent  flame  propagation  remains  an  active 


area  of  combustion  research,  but  it  is  generally  understood  that 
the  turbulent  flame  speed  scales  with  the  laminar  flame  speed  of 
the  same  fuel-air  mixture  and  increases  with  increasing  turbu¬ 
lence  intensity  [128,129], 


3.3.2.  Gasoline  fuel  combustion  properties 

Gasoline  fuels  [130],  and  other  fuels  used  in  SI  engines,  are 
specified  by  their  octane  ratings,  which  are  a  measure  of  the 
propensity  of  the  fuel  to  auto-ignite.  The  different  octane  ratings  of 
these  fuels  are  due  to  differences  in  their  low-temperature  ignition 
chemistry  [126,131-133],  and  fuels  that  ignite  easily  have  low 
octane  ratings,  while  those  that  are  more  difficult  to  ignite  will 
have  higher  octane  ratings  [126].  The  potential  for  the  end  gases  to 
auto-ignite  and  cause  engine  knock  is  directly  related  to  the 
propensity  of  the  fuel  to  undergo  an  ignition  process  facilitated 
by  the  low-temperature  chemistry  characteristic  of  the  “cool 
flame”  combustion  regime  [134,135],  because  end  gases  undergo 
a  two-stage  ignition  process  where  a  cool  flame  proceeds  hot 
ignition  [135]  and  the  associated  rapid  pressure  increase.  Cool 
flames  are  formed  in  the  temperature  range  where  the  transition 
from  low-temperature  chemistry  to  high-temperature  chemistry 
occurs  [135],  High-temperature  chemistry  is  involved  in  flame 
propagation  and  results  in  relatively  complete  conversion  of  the 
fuel  carbon  to  carbon  dioxide  and  fuel  hydrogen  to  water  (steam) 
[135],  and  will  be  discussed  further  below.  Increasing  the  flame 
temperature  will  increase  the  rate  of  the  high-temperature  reac¬ 
tions  due  to  the  exponential  dependence  of  Arrhenius  reaction 
rates  on  temperature.  Low-temperature  chemistry  depends  on  a 
complex  competition  between  multiple  chemical  reactions  invol¬ 
ving  alkylperoxy  radicals  [132,134-136].  The  low-temperature 
chemistry  results  in  a  small  temperature  rise  of  the  mixture  due 
to  competition  from  reactions  whose  rates  inhibit  the  cool  flame 
reactions  at  higher  temperatures,  resulting  in  the  so-called  nega¬ 
tive-temperature  coefficient  region  where  the  ignition  delay  times 
actually  increase  (meaning  the  mixture  is  less  reactive)  as  tem¬ 
perature  increases  [132,135-137],  Cool  flames  emit  a  faint  bluish 
light,  resulting  from  the  chemi-luminescent  emissions  of  formal¬ 
dehyde  formed  in  excited  electronic  states  [137],  and  typically 
occur  in  a  temperature  range  from  500  to  850  K,  although  this 
varies  with  the  system  pressure  [135,137],  Cool-flame  low-tem¬ 
perature  chemical  reactions  do  not  fully  oxidize  the  fuel  into 
carbon  dioxide  and  water,  but  rather  result  in  a  mix  of  inter¬ 
mediate  chemical  species  that  include  smaller  hydrocarbon  fuels, 
including  methanol,  aldehydes  (formaldehyde,  acetaldehyde), 
ketones,  and  peroxides  [135],  If  the  end  gases  undergo  a  transition 
to  a  high-temperature  second-stage  auto-ignition,  before  they  are 
consumed  by  the  propagating  turbulent  flame,  then  engine  knock 
results.  Therefore,  the  propensity  of  a  fuel  to  knock  in  an  engine  is 
directly  related  to  the  fuel’s  ability  to  undergo  cool-flame  reactions 
to  enable  auto-ignition  at  lower  temperatures.  Higher  octane  fuels, 
such  as  highly-branched  alkanes,  are  less  reactive  at  low  tempera¬ 
tures  than  straight-chain  hydrocarbons,  which  exhibit  higher 
levels  of  low-temperature  chemistry  and  thus  have  lower  octane 
numbers  [135],  Generally,  the  tendency  for  knock  increases  with 
hydrocarbon  chain  length  in  alkane  fuels,  and  aromatic  com¬ 
pounds  have  very  low  knock  potential  [134], 

The  octane  scale  is  a  relative  measure  of  low-temperature  auto¬ 
ignition  process  in  a  test  engine  with  a  fuel  of  interest,  compared 
to  a  blend  of  the  primary  reference  fuels  (PRF):  straight-chain  n- 
heptane  (research  octane  number,  RON,  of  zero  by  definition)  and 
highly-branched  iso-octane  (100  RON  by  definition)  [126,131,138], 
Gasoline  fuels  can  contain  up  to  45%  aromatic  compounds,  and  it 
has  been  found  that  the  aromatic  hydrocarbon  toluene  (121  RON), 
must  also  be  included  in  surrogate  mixtures  to  capture  RON 
dependence,  specifically  the  non-linear  and  antagonistic  effect  of 
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blending  toluene  with  iso-octane  due  to  chemical  interactions 
between  the  combustion  intermediates  of  the  different  fuels  in  the 
blend  [139,140].  Various  blending  rules  have  been  proposed  to 
predict  the  octane  number  of  surrogate  fuel  blends  [141],  with 
some  controversy  over  the  optimum  choice  of  blending  rule 
[140,142], 

Combustion  chemistry  models  [143]  for  gasoline  surrogate  fuels, 
including  primary  and  toluene  reference  fuels:  n-heptane,  iso-octane 
and  toluene,  have  been  developed  [126,131,132,138,144,145]  to 
model  their  fundamental  combustion  properties,  which  can  be 
linked  to  their  octane  ratings  [126,131,144],  These  are  generally  quite 
large  combustion  models,  with  model  size  increasing  with  the  chain 
length  of  the  associated  hydrocarbon  fuel,  including  over  3000 
reactions  among  over  700  species  for  individual  gasoline  surrogate 
molecules,  slightly  less  for  long-chain  alcohols,  and  over  30,000 
reactions  among  over  6000  species  for  the  longest-chain  biodiesel 
and  petro-diesel  surrogate  molecules  [136,146],  As  one  investigates 
longer  hydrocarbon  chains,  all  reactions  associated  with  smaller 
hydrocarbons  must  be  included,  due  to  the  hierarchical  nature  of 
combustion  modeling  [147,148],  Importantly,  in  high-temperature 
combustion  of  higher  alkane  and  alkene  fuels,  reactions  leading  to  Cl 
and  C2  fragments  are  too  fast  to  limit  the  overall  rate  of  combustion 
and  it  is  the  oxidation  rates  of  these  smaller  hydrocarbons  that 
control  most  observed  combustion  properties  [147,149,150],  Model¬ 
ing  results  are  not  sensitive  to  the  details  of  the  various  combustion 
chemistry  models  that  have  been  proposed  [136,146],  since  the 
intermediate  species  are  inter-connected  through  complex  reaction 
networks  with  very  fast  reaction  rates  between  many  common 
reaction  partners.  This  inter-connectivity  creates  a  local  equilibrium 
that  partitions  the  available  carbon  amongst  these  various  possible 
intermediate  species  in  a  relative  balance  with  each  other  [151],  The 
overall  radical  pool,  therefore,  evolves  in  unison,  over  space  or  time, 
as  various  species  are  added,  by  fuel  breakdown  reactions,  or 
removed,  by  conversion  of  intermediates  to  stable  combustion 
products,  from  the  radical  pool  [146,151],  Therefore,  even  though 
the  combustion  chemical-kinetic  mechanisms  discussed  above 
involve  hundreds  to  thousands  of  different  species,  it  is  possible  to 
reduce  the  mechanism  size  to  around  50-100  species  per  surrogate 
fuel  component  while  maintaining  reasonable  simulation  accuracy  of 
major  combustion  properties  [136,138,145,152-155],  The  number  of 
additional  intermediate  species  that  must  be  added  to  the  model,  to 
maintain  consistent  accuracy,  per  surrogate-fuel  component 
decreases  as  the  total  number  of  surrogate-fuel  components 
increases  [156,157],  because  many  of  the  intermediate  chemical 
species  are  shared  between  all  hydrocarbon  fuels  [146-152],  Simpli¬ 
fied  2-step  models  that  use  empirical  fitting  to  match  high-  and  low- 
temperature  chemical  behavior  have  also  been  proposed,  e.g.  [158], 


3.1.3.  Alcohol  fuel  effects  on  SI  engine  performance  and  emissions 
Ethanol  has  been  widely  used  as  an  octane-enhancing  gasoline 
additive  for  SI  engines  as  it  has  a  RON  of  109  [140],  Ethanol 
synergistically  increases  the  octane  rating  of  a  blend  with  iso¬ 
octane  non-linearly  such  that  the  octane  number  of  a  blend  with 
20-80%  ethanol  can  exceed  that  of  neat  ethanol,  but  antagonisti¬ 
cally  decreases  the  octane  rating  of  a  blend  with  toluene  non- 
linearly,  such  that  the  overall  effect  of  ethanol  on  a  specific 
gasoline  fuel  depends  on  the  relative  composition  of  branched 
alkanes  and  aromatics  in  the  fuel  [140],  In  Brazil,  it  has  been  used 
neat  in  engines  for  some  time,  with  slight  vehicle  retrofits  required 
to  replace  some  incompatible  components  [3],  Oxygenated  bio¬ 
fuels  are  typically  polar  solvents  and,  thus,  can  be  corrosive  to 
engine  and  fuel  handling  materials,  especially  rubber  or  plastic 
tubing,  pump  housings,  and  some  metallic  parts  [3,87],  The  main 
issue  with  use  of  ethanol  as  a  transport  fuel  comes  from  its  lower 
energy  density;  it  contains  only  around  two-thirds  of  the  energy  of 


a  similar  volume  of  gasoline  [159]  or  other  hydrocarbon  fuel.  This 
is  not  an  issue  during  normal  driving  of  an  ethanol-fueled  vehicle, 
as  the  driver  will  automatically  adjust  the  accelerator  position  to 
control  the  power  output  of  the  engine  to  achieve  the  desired 
driving  state;  however,  it  will  result  in  reduced  vehicle  range  and  a 
lower  peak  power  of  the  engine  when  the  accelerator  is  fully 
depressed.  The  higher  octane  rating  of  ethanol  as  compared  to 
gasoline  can  allow  higher  compression  ratio  engines  to  be  used, 
which  can  then  lead  to  higher  fuel  efficiencies.  Fuel-grade  ethanol 
can  be  blended  up  to  10%  by  volume  with  gasoline  for  use  as  an 
automotive  spark-ignition  engine  fuel  in  the  U.S.  [160],  or  up  to 
85%  by  volume  (E85)  for  flexible-fuel  engines  [161], 

Methanol,  known  as  wood  alcohol  due  to  the  historical  process 
for  obtaining  it  via  the  destructive  pyrolysis  of  cellulosic  feed¬ 
stocks,  is  the  shortest-chain  alcohol.  Methanol  has  the  lowest 
energy  content  per  liter  of  all  liquid  pure-component  biofuels, 
approximately  one  half  that  of  gasoline,  and  an  octane  rating  of 
112  [159].  The  advantage  of  methanol  is  that  it  has  the  highest 
hydrogen-to-carbon  ratio  of  all  alcohols,  and  thus  the  minimum 
carbon  dioxide  emissions  per  unit  of  energy.  It  has  also  been 
proposed  that  methanol  can  be  produced  at  much  higher  energy 
efficiencies  than  ethanol  or  other  fuel  options  [28],  especially  if 
both  biomass  and  natural  gas  are  used  as  co-feedstocks  [27], 
In  engines,  soot  emissions  and  benzene  emissions,  as  well  as  other 
aromatic  compound  emissions,  are  much  lower,  but  methanol 
is  toxic  and  its  flames  have  lower  associated  blue-chemi¬ 
luminescence  emissions,  making  the  flames  harder  to  see  and 
increasing  potential  safety  hazards  [3[.  Methanol  also  requires 
special  fuel-system  materials  to  prevent  corrosion  [87],  but  fuel- 
grade  methanol  can  be  used  in  blends  with  gasoline  up  to  85% 
(M85)  for  M85  flex-fuel  engines  within  the  U.S.  [162],  Methanol  is 
also  a  possible  fuel  for  the  direct  methanol  fuel  cell  [163,164],  and 
is  also  an  excellent  candidate  for  on-board  reforming  to  syngas  or 
producer  gas  [22,27,164],  which  is  a  mix  of  hydrogen  and  carbon 
monoxide  in  diluents,  due  to  methanol's  high  hydrogen-to-carbon 
ratio.  The  hydrogen-rich  gas  that  results  from  this  on-board 
reforming  can  be  converted  directly  to  electrical  power  in  a 
high-temperature  PEM  fuel  cell  [165]  or  a  solid  oxide  fuel  cell 
[163,164,166],  as  further  discussed  below  in  Section  4.4. 

Another  possible  biofuel  proposed  for  spark-ignition  engine 
applications  is  butanol,  whose  isomers  have  research  octane 
numbers  ranging  from  96  for  straight-chain  n-butanol  [85]  to 
105  for  the  highly-branched  tert-butanol  (which  in  a  pure  form  is  a 
waxy  solid  at  room  temperature)  [167].  Butanol  has  a  higher 
energy  density  than  ethanol  that  is  closer  to  gasoline,  at  about  90% 
of  the  volumetric  energy  content  of  typical  hydrocarbons 
[14,29,167],  Butanol  is  not  water  soluble,  while  both  methanol 
and  ethanol  are,  and  thus  is  a  more  attractive  fuel  for  mixing  with 
gasoline  because  it  can  be  transported  in  existing  pipelines  and  is 
more  compatible  with  the  existing  fueling  infrastructure  [14,29], 
Butanol  isomers  can  be  blended  up  to  12.5%  by  volume  with 
gasoline  for  use  as  an  automotive  spark-ignition  engine  fuel  in  the 
U.S.,  except  for  tert-butanol  due  to  its  different  physical  properties 
from  the  other  isomers  [168].  Longer-chain  alcohols,  such  as 
pentanol  [32,82,83]  and  hexanol  [32,83,84],  have  properties  even 
more  similar  to  hydrocarbon  fuels  and,  thus,  improved  compat¬ 
ibility  with  existing  engines. 

The  higher  octane  rating  of  ethanol  results  from  reduced  alkyl- 
peroxy  and  hydro-peroxy-alkyl,  or  cool-flame,  reactions  possible 
with  the  oxygenated  molecule,  compared  to  a  hydrocarbon  fuel, 
under  the  low-temperature  combustion  regime  that  controls  auto¬ 
ignition  in  a  SI  engine  [169,170],  When  blended  with  hydrocarbon 
fuels,  ethanol  acts  as  a  sink  of  reactive  species  (OH  radicals)  that 
disrupts  the  chain  branching  of  the  hydrocarbon  fuel  under  low- 
temperature  chemistry  conditions  and  slows  ignition  of  the  blend 
[140,169],  Butanol,  similarly,  is  seen  to  retard  the  low-temperature 
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chemistry  of  n-heptane,  a  gasoline  primary  reference  fuel  and 
common  surrogate  fuel-blend  component,  by  fundamentally  chan¬ 
ging  the  reaction  pathways  of  the  hydrocarbon  fuel  when  it  is 
added  to  a  blend,  thereby  increasing  the  octane  rating  of  the  fuel 
blend  [171,172].  As  the  hydrocarbon  chain  increases  from 
n-butanol  to  n-hexanol,  the  reactivity  at  low  temperatures 
increases,  due  to  more  low-temperature  chemistry  for  the  long- 
chain  alcohols  [173].  n-Pentanol  is  the  shortest-chain  alcohol  to 
exhibit  significant  low-temperature  chemistry  [174],  and  the 
inhibiting  effect  of  the  alcohol’s  hydroxyl  functional  group  on 
low-temperature  reactions  decreases  as  the  hydrocarbon-chain 
length  increases  for  even  longer  hydrocarbon  chain  alcohols  [175], 
Studies  of  non-premixed  low-temperature  ignition  quality  tests, 
which  are  important  for  diesel  engines  as  discussed  in  the  next 
section  but  are  also  relevant  to  auto-ignition  and  engine  knock, 
show  a  similar  influence  for  ethanol  and  the  different  butanol 
isomers  on  the  ignition  propensity  of  the  hydrocarbon  base  fuel 
[176],  suggesting  similarities  in  the  low-temperature  ignition 
chemistry  of  these  alcohols. 

It  is,  however,  the  high-temperature  flame  chemistry  that 
controls  the  combustion  efficiency  and  pollutant  emissions  in  SI 
engines.  After  ignition  by  the  spark,  a  turbulent  premixed  flame 
propagates  through  the  premixed  fuel-air  charge  in  the  engine, 
rapidly  converting  the  fuel  and  oxygen  into  combustion  products 
and  the  thermal  energy  and  pressure  that  drive  the  engine  (see 
Fig.  1).  Straight-chain  and  cyclic  hydrocarbons  (alkanes,  cyclo¬ 
alkanes,  etc.)  have  higher  laminar  flame  propagation  speeds  than 
branched-chain  hydrocarbons  or  aromatics  [145,177,178],  with 
propagation  speed  decreasing  with  the  level  of  hydrocarbon  fuel 
branching  [178].  For  example,  in  a  gasoline  surrogate  fuel  study,  it 
was  shown  that  the  flame  speed  increased  in  the  order:  iso¬ 
octane  <  toluene  <  gasoline  <  n-heptane,  and  that  a  mixture  of  1  / 3 
n-heptane,  1/3  iso-octane,  and  1/3  toluene,  by  volume,  matches 
the  observed  flame  speed  of  a  select  gasoline  fuel  [177],  The  flame 
speeds  of  different  alkyl  aromatics  is  also  very  similar  [179], 
Ethanol  and  butanol  have  been  shown  to  have  similar  laminar 
flame  speeds  in  air  under  fuel-lean  to  slightly-fuel-rich  conditions 
[180-182],  These  alcohols  also  have  somewhat  higher  flame 
speeds  than  iso-octane  [181-185],  and  n-heptane  [183],  which 
implies  that  flames  will  propagate  faster  in  gasoline-alcohol 
blends  than  for  pure  gasoline.  The  flame  speed  decreases  as  the 
amount  of  fuel  branching  increases  in  the  butanol  [182,186]  and 
pentanol  [187]  isomers,  consistent  with  the  effects  seen  in  alkane 
fuels  discussed  above.  The  high-temperature  ignition  behavior, 
which  results  from  chemistry  similar  to  that  occurring  within 
flames,  of  the  normal  alcohols  from  ethanol  to  butanol  is  very 
similar  for  lean  to  stoichiometric  mixtures,  at  fixed  dilution  ratios 
and  reaction  stoichiometries,  over  a  range  of  pressures  [188],  The 
high-temperature  ignition  properties  of  n-butanol  to  n-octanol  are 
also  seen  to  collapse  [173,175],  implying  that  high-temperature 
reactivity  of  all  normal  alcohols  longer  than  methanol  are  similar. 
Under  high-temperature  conditions,  alcohols  from  n-butanol  to  n- 
hexanol  are  more  reactive  than  alkanes  from  butane  to  heptane 
(which  collapse  as  well)  [172,173],  and  increased  fuel  branching 
decreases  reactivity  [167,189,190],  consistent  with  the  observa¬ 
tions  on  flame  speed  discussed  above.  The  differences  in  high- 
temperature  reactivity  appear  to  be  diminished  as  the  length  of 
the  hydrocarbon  chain  in  the  alcohol  increases  [175],  The  observed 
similarities  in  the  high-temperature  combustion  behavior  of 
alcohol  fuels  of  different  chain  lengths  are  important,  as  they 
indicate  that  the  flame  properties  will  be  similar  in  different 
engine  technologies  and,  thus,  these  fuels  are  interchangeable 
from  a  combustion  standpoint.  The  only  exception  is  methanol, 
which  exhibits  significantly  faster  flame  propagation  under  stoi¬ 
chiometric  to  fuel-rich  conditions  [148,180],  While  the  faster 
turbulent  premixed  flame  speed  could  result  in  higher  compressed 


end-gas  temperatures,  the  reduced  low-temperature  chemistry 
from  methanol  will  prevent  auto-ignition  and  engine  knock; 
therefore,  the  faster  flame  speed  would  have  a  positive  impact 
on  engine  performance  because  it  leads  to  faster,  more-complete 
combustion.  Indeed,  a  recent  flame-visualization  study  within  an 
optically-accessible  engine  has  confirmed  that  the  methanol  blend 
(M85)  produced  the  highest  in-cylinder  flame  speed,  with  the 
ethanol  blend  (E85)  slightly  faster  than  either  gasoline  or  iso- 
octane,  which  were  similar  to  each  other  [191].  Another  recent 
study  observing  flames  in  optically-accessible  engines  showed 
that  ethanol  flames  propagate  faster  than  butanol,  followed  by 
gasoline  and  iso-octane  [192],  consistent  with  the  laminar  flame 
experiments  discussed  above  [180-185],  Recent  experiments  have 
shown  that  turbulent  premixed  flames  of  alkane  fuels  with  4-8 
carbon  atoms  collapse  for  stoichiometric  to  fuel-rich  mixtures,  but 
fuel-dependent  local  extinction  occurs  for  the  lean  mixtures  due  to 
the  lower  diffusivity  of  the  long-chain  fuel  molecules  compared  to 
the  oxygen  or  thermal  diffusivities  [193],  which  has  implications 
for  gasoline  engines. 

Detailed  combustion  models  have  been  developed  for  metha¬ 
nol  [148],  ethanol  [86,148,194],  propanol  isomers  [86,148],  butanol 
isomers  [86,148,167,186,195-197],  some  pentanol  isomers 
[174,198],  n-hexanol  [199,200]  and  n-octanol  [175],  A  detailed 
review  of  alcohol  combustion  properties,  and  the  associated 
chemical  kinetic  modeling  efforts  to  date,  is  provided  by  Sarathy 
et  al.  [201  ].  These  models  allow  the  combustion  properties  of  these 
fuels  to  be  simulated  over  a  comprehensive  range  of  thermody¬ 
namic  conditions;  however,  there  remains  a  need  for  more  high- 
pressure  data  for  model  validation  [148],  especially  of  pollutant 
emission  properties  at  high  pressures  [201  ]. 

Generally,  PM  (soot)  emissions  from  port-fuel-injection  SI 
(gasoline)  engines  are  relatively  low  compared  to  Cl  (diesel) 
engines  [122,125],  and  use  of  oxygenated  biofuels  generally 
reduces  these  PM  emissions  [3],  since  the  carbon-oxygen  bonds 
in  the  oxygenates  reduce  the  number  of  carbon  atoms  that  are 
active  in  the  radical  pool  responsible  for  soot  formation  [146],  The 
effect  of  alcohol  fuels  on  soot  formation  is  discussed  further  in  the 
context  of  Cl  engines  in  Section  3.2.5  below.  New  direct-injection 
engine  technologies  result  in  higher  PM  emissions  that  are  a 
concern,  as  discussed  in  Section  3.1.5. 

Engine  studies  have  shown  that  increased  ethanol  in  the  fuel 
can  lead  to  increased  oxides  of  nitrogen,  or  NO*,  emissions  [3], 
while  other  studies  have  shown  decreases  for  ethanol-gasoline 
blends  (see  discussion  by  Lynd  [22]).  Recent  papers  still  do  not 
produce  consistent  trends  in  relative  NO*  potential  of  gasoline- 
alcohol  blends  [202-205],  NO*  is  produced  from  a  number  of 
mechanisms  in  combustion  devices,  the  two  most  important  for 
the  present  discussion  are:  the  thermal  or  Zel’dovich  route, 
initiated  when  oxygen  and  nitrogen  are  available  at  high  tem¬ 
peratures  (  >  1800  K),  and  the  prompt  route,  initiated  by  CH 
radicals  formed  from  the  fuel  species  [105,106,206,207],  Alcohol 
fuels  have  slightly  lower  adiabatic  flame  temperatures  at  the 
stoichiometric  fuel-air  ratio  than  the  corresponding  alkane  fuels 
and,  thus,  have  slightly  lower  associated  NO*  emissions  through 
the  thermal  mechanism  [208],  but  the  thermal  effect  is  relatively 
small  for  these  fuels  compared  to  the  effect  of  the  fuel  chemical 
structure  on  prompt  NO  formation.  Methanol  has  been  shown  to 
produce  lower  NO*  emissions  for  stoichiometric  to  fuel-rich  flames 
than  its  hydrocarbon  analog,  methane,  primarily  due  to  the 
reduced  production  of  prompt  NO  during  methanol  combustion 
[208,209].  The  reduction  in  prompt-NO  formation  is  due  to  the 
lower  levels  of  CH-radical  precursor  species  in  methanol  flames 
compared  to  those  of  hydrocarbons  [146,208,209],  It  is  chemi¬ 
luminescence  from  excited-electronic-state  CH  radical  species  that 
gives  flames  their  blue  color,  and  the  low  light-emission  intensity 
of  methanol  flames  discussed  previously  is  a  direct  visual  indicator 
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of  their  lower  CH,  and  hence  lower  prompt-NO,  production.  NO 
measurements  and  model  predictions  in  ethanol  flames  are 
approximately  half  those  in  hydrocarbon  flames  [146,210],  Funda¬ 
mental  experiments  looking  at  relative  NOx  formation  between 
butanol  isomers  and  their  non-oxygenated  hydrocarbon  analog, 
butane,  in  laminar  flames  show  that  the  butanol  fuels  produce 
lower  NO*  concentrations  for  all  fuel-air  mixtures,  with  the  largest 
differences  for  rich  mixtures  [211],  This  is  again  likely  caused  by 
the  presence  of  the  hydroxyl  functional  group  in  the  alcohol  acting 
to  reduce  the  levels  of  CH  produced  in  these  flames,  relative  to 
hydrocarbon  fuels,  and  thereby  lowering  NO  formation  through 
the  prompt  route  [146].  Indeed,  in  a  recent  study,  it  was  shown 
that  the  C1-C3  alcohols  all  produce  lower  NO  emissions  and  CH 
radicals  than  their  corresponding  alkanes,  and  that  the  level  of 
prompt-NO  and  CH  radicals  increase  for  increasing  hydrocarbon 
chain  length  for  both  the  alkanes  and  alcohols  [208],  Higher  levels 
of  fuel  branching  lead  to  lower  CH  levels,  but  the  level  of  prompt 
NO  formed  is  also  dependent  on  the  flame  speed  of  the  mixture 
because  this  controls  the  residence  time  of  the  mixture  within  the 
prompt-formation  region  of  the  flame  [212].  The  effect  of  the 
alcohols  gets  smaller  as  the  hydrocarbon  chain  length  increases, 
with  smaller  differences  between  butanol  and  butane  isomers 
than  seen  for  the  smaller  alcohols/alkanes  [212],  Since  it  has  also 
been  observed  that  the  production  of  CH  and  NO  increases  with 
increasing  hydrocarbon-chain  length  for  small  hydrocarbons 
[146,208,213,214],  with  the  level  of  CH  appearing  to  level  off  for 
the  longest  chains  studied  so  far  [214],  it  can  be  inferred  that 
alcohol  fuels,  especially  the  short-chain  alcohols,  produce  funda¬ 
mentally  lower  NO*  emissions  than  commercial  gasoline  or  diesel 
hydrocarbon  fuels  under  similar  fuel-air  stoichiometric  ratios.  The 
concentration  of  CH  radicals  increases  with  the  carbon  content  of 
the  fuel-air  mixture  [151],  indicating  that  mixtures  of  the  same 
stoichiometry,  and  similar  H/C  ratios  in  the  fuel,  should  show 
similar  CH  levels.  Recent  experiments  have  shown  that  the 
predictions  of  CH  and  NO  profiles  for  alkane  and  alcohol  fuels, 
from  methane  and  methanol  to  butane  and  butanol,  in  well- 
characterized  laminar  stagnation  flames  varies  greatly  from  model 
to  model  [207,208,212,214],  with  relatively  high  uncertainties 
evident  in  all  NO*  formation  routes  [215,207].  More  validation 
experiments,  especially  at  high-pressure  conditions  relevant  to 
modern  engine  technologies,  are  needed  to  improve  these  models 
for  use  as  design  tools.  In  summary,  alcohol  fuels  have  fundamen¬ 
tally  lower  NO*  emissions  at  the  same  stoichiometric  fuel-air 
ratios  than  their  petro-fuel  analogs,  but  the  difference  gets  smaller 
as  the  hydrocarbon  chain  within  the  alcohol  gets  longer  [212],  The 
results  of  specific  engine  tests  can  be  affected  by  engine-specific 
complications  that  lead  to  higher  NO*,  but  such  engines  could 
likely  be  tuned  to  produce  lower  NO*  during  alcohol  fueling 
compared  to  gasoline  fueling. 

Of  significant  concern  when  gasoline  is  replaced  with  an  oxyge¬ 
nated  biofuel  is  a  potential  increase  in  oxygenated  emissions,  such  as 
formaldehyde,  acetaldehyde  and  ketones  [3,22,86,210],  SI  engine  tests 
have  shown  a  trend  of  increasing  formaldehyde  and  acetaldehyde 
emissions  with  increased  ethanol  blending  [113],  These  aldehydes  are 
toxic,  carcinogenic  compounds  whose  emission  levels  are,  as  yet, 
unregulated.  Such  aldehydes  also  play  a  role  in  the  formation  of 
photochemical  smog  [111  ].  While  some  knowledge  of  the  combustion 
chemical  pathways  of  these  fuels,  and  the  resulting  influence  on 
pollutant  formation,  is  available  e.g.,  [86,201  ],  more  work  is  needed  to 
identify  how  changes  in  the  fuel  molecular  structure  influence  the 
formation  of  these  oxygenated  hydrocarbon  pollutants. 


3.14.  Other  alternative  fuels  and  fuel  additives  for  SI  engines 

Other  potential  alternative  fuels  of  interest  as  gasoline  addi¬ 
tives  are  furan-  or  furfural-type  molecules  [33-35,85],  These  fuel 


molecules  can  be  obtained  from  sugars  [33],  or  directly  from 
cellulose  [34],  and  can  either  be  used  as  a  fuel  themselves,  or  can 
be  upgraded  into  synthetic  hydrocarbons  using  upgrading  techni¬ 
ques  [35].  Measurements  of  the  fundamental  flame  propagation 
and  ignition  delay  times  of  some  furan-based  biofuels  have  been 
published  in  the  combustion  literature  [216-221],  and  combustion 
chemistry  models  have  been  proposed  [85,218,222],  More  studies 
on  their  combustion  properties  are  needed  if  these  are  to  become 
significant  fuels  or  fuel  additives. 

FT  or  hydrotreated-renewable  fuels  are  typically  not  as  suitable 
for  spark-ignition  engines  due  to  their  lower  attendant  octane 
ratings.  Such  fuels  can  be  used  if  they  undergo  processing  to 
branch  and  isomerize  the  fuels  [94,223],  or  through  blending  with 
ethanol  or  other  ignition  retarding  additives,  such  as  methyl  tert- 
butyl  ether  (MTBE)  [85,126],  Use  of  MTBE  is  known  to  cause 
groundwater  contamination  due  to  its  high  water  solubility  and 
has  been  associated  with  negative  health  impacts  [159],  although 
the  toxicity  risk  of  MTBE  is  not  entirely  clear  [224-228].  Ethanol  or 
butanol  make  good  octane-improving  additives  to  replace  MTBE 
due  to  the  fact  that  ethanol,  while  water  soluble,  is  relatively  non¬ 
toxic  and  butanol  has  low  water  solubility. 


3.3.5.  Direct-injection  spark-ignition  (DISI)  engines 

Spark-ignition  (SI)  engines  have  lower  efficiencies  than  the  other 
internal-combustion  engines  discussed  in  this  paper  because  of 
“breathing"  losses  due  to  the  pressure  drop  across  the  throttling 
valve  that  controls  the  intake  air  flow  into  the  engine  and  its 
resulting  power  output,  the  lower  compression  ratios  allowed  by 
the  octane  ratings  of  the  existing  gasoline  fuels,  and  high  heat  losses 
to  the  cylinder  walls  due  to  the  high  flame  temperatures 
[2,122,124,229,230],  One  strategy  to  improve  the  fuel  efficiency  of 
gasoline  engines  has  been  to  eliminate  the  throttle  and  control  the 
engine  power  by  varying  the  total  amount  of  fuel  injected  directly 
into  the  engine  cylinder  per  cycle,  termed  gasoline  direct  injection 
(GDI)  or  direct-injection  spark-ignition  (DISI)  engines  [122,124,231], 
These  direct-injection  systems  can  provide  moderately-improved 
fuel  flexibility,  allow  higher  compression  ratios,  due  to  charge  cooling 
as  the  fuel  is  vaporized  within  the  cylinder  lowering  knock  potential, 
and  eliminate  the  throttle  losses  and  reduce  heat  losses  to  the 
cylinder  walls,  thereby  achieving  a  20-25%  higher  fuel  economy 
than  traditional  port-fuel-injection  systems  [122,124], 

Such  GDI/DISI  direct-injection  strategies  require  using  higher- 
pressure  fueling  systems,  which  can  enable  the  finer  atomization 
of  the  fuel  droplets  needed  to  allow  the  fuel  to  mix  and  vaporize 
with  air  before  being  consumed  by  the  flame  [122],  The  resulting 
fuel-air  mixture  is  stratified  with  higher  fuel-concentrations  near 
the  spark  igniter  to  enable  successful  ignition  and  reduced  fuel-air 
ratios  towards  the  piston  and  cylinder  walls  [122,124].  The  effect 
of  stratified  mixtures  on  turbulent  flames  is  a  topic  of  ongoing 
study  in  the  combustion  community,  e.g.  [232].  If  the  fuel  droplets 
sprayed  by  the  direct-injection  system  are  large,  then  they  burn  in 
a  non-premixed  mode  that  leads  to  high  soot  and  NO*  emissions 
[122,125],  and  liquid  fuel  impingement  on  the  piston  or  cylinder 
surfaces  will  lead  to  UHC  and  soot  emissions  [112,124].  Generally, 
the  reduced  mixing  in  DISI  engines  compared  to  port-fuel-injec- 
tion  SI  engines  results  in  higher  soot  and  UHC  emissions,  increased 
NO*  emissions,  and  the  use  of  fuel-lean  mixtures  prevents  the  use 
of  traditional  3-way  catalysts  due  to  the  oxygen  in  the  exhaust 
[122,125,231].  While  the  elimination  of  a  fuel  soak  on  the 
upstream  (port)  side  of  the  intake  valve  results  in  reduced  cold- 
start  UHC  emissions  and  the  higher  engine  efficiency  reduces  C02 
emissions  per  passenger  mile  [122],  DISI  engines  may  not  be  able 
to  meet  increasingly-strict  PM  emissions  limits  without  resorting 
to  using  a  gasoline  particulate  filter  as  an  after-treatment  remedy 
[125],  In  order  to  allow  DISI  operation  with  reasonable  emissions 
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and  high  efficiency,  the  engine  operation  mode  is  typically  varied 
from  a  late-injection  stratified  engine  charge  diluted  with  exhaust 
gases  at  low  loads  and  speeds,  similar  to  a  spark-assisted  com¬ 
pression-ignition  engine  (see  next  section)  or  a  low-temperature 
combustion  compression-ignition  engine  (see  Section  4.2),  to  an 
early-injection  well-mixed  engine  charge  that  is  shifted  towards 
the  stoichiometric  fuel-air  ratio  at  the  highest  speeds  and  loads, 
which  is  effectively  a  homogeneous-charge  compression-ignition 
engine  (HCCI  engine,  see  Section  4.1)  [122,124].  As  will  be 
discussed  later,  future  engine  designs  will  increasingly  employ 
low-temperature  combustion  to  improve  efficiency  and  emissions 
which  will  blur  the  line  between  spark-ignition  (SI)  and 
compression-ignition  (Cl)  engines. 

3.2.  Compression-ignition  (diesel)  engine  alternative  fuels 

3.2.1.  Compression-ignition  (Cl)  engine  combustion  process 

A  cartoon  of  the  compression-ignition  (Cl,  or  diesel)  combus¬ 
tion  process  is  given  in  Fig.  2  [87,121,229,233],  In  a  Cl  engine, 
diesel  fuel  is  injected  after  the  air  is  compressed  to  high  tempera¬ 
tures  and  pressures,  so  there  is  no  risk  of  engine  knock  from  auto¬ 
ignition.  This  allows  Cl  engines  to  employ  higher  compression 
ratios  which  lead  to  higher  efficiency  than  SI  (gasoline)  engines. 
They  also  do  not  employ  throttling  valves  as  do  SI  engines,  and 
thereby  avoid  the  associated  “breathing”  losses,  resulting  in  a 
typical  efficiency  premium  of  20-40%  over  SI  engines  [2[.  Our 
understanding  of  the  combustion  process  in  Cl  engines  has  been 
greatly  improved  through  the  pioneering  in-cylinder  imaging 
experiments,  and  the  resulting  model,  by  Dec  and  co-workers 
[229,233],  Fuel  droplets  are  sprayed  into  the  cylinder  from  multi¬ 
ple  fuel  injectors.  The  fuel  droplets  must  vaporize  and  mix 
effectively  with  the  air  before  burning  in  order  to  reduce  soot 
emissions,  but  must  also  burn  fast  enough  to  avoid  unburned 
hydrocarbon  emissions.  Cl  engines  typically  produce  high  levels  of 
soot  (PM)  emissions  due  to  the  fuel-rich  combustion  zones  that 


Intake  Exhaust 


Fig.  2.  Cartoon  of  a  Cl  (diesel)  engine  combustion  process.  Fuel  droplets  are 
sprayed  into  the  cylinder  from  multiple  fuel  injector  nozzles.  The  droplets  vaporize 
and  mix  with  air  and  are  then  partially  combusted  in  a  rich  partially-premixed 
flame.  The  combustion  intermediates  from  the  partially-premixed  flame  are  then 
burned  with  air  in  a  non-premixed  flame  (NPF).  The  non-premixed  flame  is  orange 
because  soot,  which  is  formed  on  the  fuel  side  of  the  non-premixed  flame, 
incandesces  and  gives  the  flame  the  orange-yellow  color  familiar  from  candle 
flames  and  wood  fires. 

Cartoon  inspired  by  figures  in  Refs.  187,121,229,233], 


result  from  the  non-premixed  and  partially-premixed  flames  that 
occur  in  diesel  spray  combustion  [110],  As  pointed  out  by  Wein¬ 
berg  [234],  combustion  in  non-premixed  flames  results  in  the 
worst  possible  situation:  flames  that  adjust  to  the  maximum 
possible  temperature,  leading  to  high  NOx  emissions,  and  that 
produce  high  concentrations  of  fuel  at  high  temperature  on  the 
fuel  side  of  the  flame,  leading  to  high  soot  emissions.  If  this  soot  is 
not  burned  out  by  mixing  with  high-temperature  air,  it  can  escape 
into  the  exhaust  where  it  is  released  into  the  atmosphere  unless 
filtered  out  by  exhaust  after-treatment  systems. 


3.2.2.  Diesel  fuel  combustion  properties 

Diesel  fuels  [235],  which  traditionally  fuel  Cl  engines,  are  made 
up  of  longer-chain  hydrocarbons  that  come  off  at  a  higher 
temperature  in  the  distillation  column  of  a  traditional  refinery 
than  either  gasoline  or  jet  fuels  [236],  The  cetane  number  is  a 
diesel-fuel  property  that  measures  the  ignition  propensity  of  a  fuel 
sprayed  into  a  standard  engine-test  apparatus.  Higher  cetane 
values  indicate  that  a  fuel  will  ignite  more  readily,  so  that  a 
high-cetane  fuel  will,  by  definition,  have  a  low  octane  rating; 
however,  it  should  be  noted  that  engine  knock  (octane  rating) 
occurs  within  fully-vaporized  and  premixed  fuel-air  mixtures  at 
slightly  fuel-lean  to  stoichiometric  conditions,  while  the  cetane 
number  depends  on  fuel-rich  ignition  after  the  fuel  droplets  have 
vaporized  and  partially  mixed  with  air  in  the  Cl  engine  [87,131], 
The  ASTM  D975  standard  requires  a  minimum  cetane  number  of 
40  for  regular  diesel  fuel  [235],  with  values  of  40-55  typical  [85], 
The  cetane  number  is  influenced  by  the  fuel  spray  characteristics 
and  the  fuel  volatility,  and  also  by  the  low-temperature  combus¬ 
tion  chemistry.  Generally,  larger  hydrocarbon  chains  have  lower 
volatility,  while  increased  chain  branching  yields  higher  volatility 
for  the  same  number  of  carbon  atoms  [170].  Under  high-pressure 
diesel  injection  in  modern  engines,  vaporization  is  limited  by  the 
mixing  and  entrainment  processes  in  the  diesel  fuel  spray,  rather 
than  on  droplet  or  atomization  processes  [237], 

Low-temperature  ignition  chemistry  is,  therefore,  the  major  deter¬ 
minant  of  a  fuel's  cetane  number.  Surrogate  fuel  compositions  and 
combustion  chemical-kinetic  models,  containing  thousands  of  species 
and  tens  of  thousands  of  reactions  per  surrogate  component  [146], 
have  been  developed  for  the  complex  mixture  of  long-chain  hydro¬ 
carbons  that  make  up  diesel  fuel  [131,132,236,238,239],  Typical 
surrogate  components  used  to  model  diesel  fuel  will  be  long- 
hydrocarbon-chain  alkanes,  both  straight-chain  and  branched-chain 
isomers,  such  as  the  straight-chain  n-cetane  (cetane  number  of  100) 
and  the  highly-branched  iso-cetane  (cetane  number  of  15)  [240],  as 
well  as  aromatic  compounds,  including  toluene  (mono-aromatic)  and 
tetralin  (naphtha-aromatic)  [145,236],  The  cetane  number  is  seen  to 
be  strongly  correlated  with  the  computed  ignition  delay  time  using 
fundamental  models  [87],  with  reduced  reactivity  and  longer  ignition 
delay  times  for  highly-branched  hydrocarbons  leading  to  lower  cetane 
numbers  [87,240],  and  little  sensitivity  of  the  low-temperature  chem¬ 
istry  is  observed  for  variations  in  the  hydrocarbon  chain  length  of 
long-chain  fuels  [239].  While  cetane  number  correlates  with  low- 
temperature  ignition  properties  of  different  fuel  molecules,  a  complete 
model  has  yet  to  be  developed  to  fully  link  the  cetane  number  found 
from  experiments  in  ignition-quality  testers  for  diesel  fuels  to  the 
fundamental  physical  and  chemical  properties  of  the  fuel  blend  [176], 
The  conceptual  model  by  Dec  [233]  has  been  used  by  Westbrook  and 
co-workers  to  explain  a  number  of  phenomena  in  Cl  engines  caused 
by  variations  in  cetane  number  and  the  associated  fuel  chemistry 
[87,126,131,238-241],  More  research  is  needed  to  inform  modeling  of 
the  formation  of  pollutant  emissions  within  the  complex  flame 
structure  that  exists  within  the  Cl  engine  [110,126,131,237],  as  well 
as  how  to  optimize  the  cetane  number  for  a  specific  engine  application 
or  how  to  tune  an  existing  engine  for  a  new  fuel  blend. 
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3.2.3.  Biodiesel  effects  on  Cl  engine  performance  and  emissions 

FAME  biodiesels  derived  from  food-based  feedstocks  were  one  of 
the  earliest  biofuels  of  significant  interest  and,  therefore,  have 
received  extensive  study  [3,5-7,86,87,238,242-253],  FAME  can  be 
blended  up  to  20%  with  petroleum  diesel  based  on  the  ASTM 
D-7467  and  ASTM  D-6751  specifications  [254,255],  In  Europe,  up  to 
7%  FAME  can  be  blended  in  ultra-low-sulfur  diesel  fuel,  per  the  EN 
590  standard  [256],  and  up  to  100%  FAME  (B100)  can  be  used,  per  EN 
14214  [257],  in  engines  certified  for  B100  fuels.  Biodiesel  has  a  9% 
lower  volumetric  energy  content  than  diesel  fuel  due  to  its  oxygen 
content,  and  the  fuel  economy  scales  with  this  change  in  fuel  heating 
value  [3,243].  FAME  biodiesels  obtained  from  non-food  crops,  such  as 
jatropha,  camelina  or  algae,  will  have  similar  combustion  and 
emissions  characteristics  as  first-generation  FAME  biodiesels  with 
similar  fuel  compositions,  including  the  hydrocarbon  chain  lengths 
and  saturation  levels  of  the  constituent  mix  of  esters.  It  has  been 
suggested  that  the  environmental  footprint  of  biodiesel  production 
can  be  improved  if  bioethanol  is  used  to  transesterify  the  triglycer¬ 
ides  of  the  oils  to  produce  fatty-acid  ethyl  esters  [8,9],  but  there  could 
be  an  associated  increase  in  fuel-production  costs. 

FAME  biodiesels  have  cetane  numbers  between  48  and  65 

[85.241] ,  At  high-temperatures,  the  reactivity  of  long-chain  esters 
is  nearly  indistinguishable  for  saturated  and  unsaturated  esters 

[258] ,  and  ester  reactivity  shows  little  dependence  on  chain  length 

[259] ,  similar  reactivity  to  alkanes  such  as  n-heptane  or  n-decane 
[260,261],  and  a  slight  increase  in  reactivity  for  ethyl  compared  to 
methyl  esters  [262].  At  low  temperatures,  long-chain  esters  have 
similar  ignition  properties  to  long-chain  straight-chain  alkanes 
[261],  and  these  alkanes  show  little  sensitivity  to  hydrocarbon 
chain  length  [239].  Addition  of  double  bonds  into  the  ester  reduces 
the  low-temperature  chemistry  and  results  in  increased  low- 
temperature  ignition  delay  times  and  reduced  cetane  numbers 

[87.241] ,  as  found  for  hydrocarbon  fuels  [241]. 

FAME  biodiesels  have  been  shown  to  reduce  engine  deposits  and 
coking  compared  to  petroleum-derived  fuels  [5,247],  The  reduced 
engine  deposits  are  directly  linked  to  the  observed  decrease  in  soot 
emissions  for  biodiesel  compared  to  petro-diesel  fuels,  which  has  been 
explained  by  (i)  the  reduced  local  fuel-to-air  ratio  at  the  time  of  the 
initial  fuel-rich  flame  ignition  event,  caused  by  the  oxygen  already 
present  within  the  fuel  [87,146,238],  (ii)  changes  in  the  fuel-air  mixing 
process  due  to  the  fuel  physical  properties;  and  (iii)  the  changes 
in  the  ignition  propensity,  or  cetane  number,  of  the  fuel  blend 
[3,5,7,87,146,243,245,247,249].  Fundamental  laboratory  measure¬ 
ments  have  shown  that  methyl  and  ethyl  ester  molecules  produce 
lower  soot  than  their  alkane  analogs  [263,264],  while  butyl  and  pentyl 
esters  can  produce  higher  soot  levels  due  to  aromatic-formation 
reactions  that  occur  during  fuel  pyrolysis  [263],  The  reduced  sooting 
propensity  of  oxygenated  fuels  is  directly  related  to  the  removal  of 
carbon  molecules  from  the  soot-production  radical  pool  due  to  their 
initial  bond  with  oxygen  [146],  However,  these  bonds  also  reduce  the 
heat  of  combustion;  thus  Kholghy  et  al.  found  that  FAME  and  alkane 
flames  have  similar  soot  concentrations  and  temperatures  when  both 
flames  have  the  same  energy  input  [265],  Methyl  esters  produce  less 
soot  than  ethyl  esters,  an  effect  that  is  seen  to  reduce  with  increasing 
hydrocarbon  chain  length,  and  the  presence  of  a  double  bond  in 
unsaturated  esters  results  in  significantly  higher  soot  formation  [264], 
The  reduction  in  soot  for  biodiesel  blends  is  also  a  result  of  the  lower 
content  of  aromatic  hydrocarbons  in  the  biodiesel/diesel  blend  com¬ 
pared  to  neat  diesel,  since  aromatic  hydrocarbons  are  known  to 
produce  higher  soot  emissions  than  other  fuel  components 
[247,264],  Even  though  the  total  soot  emissions  may  be  lower,  the 
particulate  emissions  from  biodiesels  can  contain  larger  quantities  of 
smaller  nano-sized  particles  [243]  that  may  have  a  significant  impact 
on  the  resulting  emissions  toxicity  [108]. 

NOx  emissions  have  been  observed  to  increase  for  biodiesel 
compared  to  petro-diesel  for  many  engine  tests  [5,7,242-253], 


while  others  have  shown  no  increase  or  even  a  decrease  for 
biodiesel  (see  discussion  by  Conigiio  et  al.  [7]).  The  reason  that 
no  definitive  explanation  has  been  provided  for  the  so-called 
“biodiesel  NO*  effect”  [250]  is  that  it  involves  complex  combustion 
and  pollutant  chemistry  in  the  turbulent  non-premixed  flame  that 
consumes  the  vaporized  and  partially-premixed  diesel  fuel  within 
the  unsteady  turbulent  flow  of  the  engine  cylinder  [87].  It  has 
been  established  that  the  following  factors  are  important  in 
determining  whether  a  selected  biodiesel,  or  any  other  alternative 
fuel,  blend  will  show  increased  or  decreased  NOx  emissions  in  a 
specific  diesel  engine:  (i)  changes  in  flame  composition  and 
temperature  that  result  from  the  effect  that  fuel  physical  proper¬ 
ties  have  on  the  fuel  delivery,  spray,  evaporation  and  mixing 
processes  [5,244,248-250,252];  (ii)  changes  in  flame  temperature 
caused  by  variation  in  the  local  fuel-to-air  ratio  at  the  time  of  the 
initial  fuel-rich  flame-ignition  event  due  to  different  fuel- 
oxygenation  levels  and  cetane  numbers  [87,238,246,248,251]; 

(iii)  increased  flame  temperatures,  and  associated  increased  pro¬ 
duction  of  thermal  NOx,  due  to  reduced  radiative  heat  losses 
caused  by  lower  soot-production  rates  [238,244,248,251],  even 
though  biodiesels  have  lower  energy  content  and,  typically,  lower 
adiabatic  flame  temperatures  than  petro-diesels  [244];  and 

(iv)  changes  in  the  prompt-NO  formation  rate  due  to  changes  in 
fuel  chemistry  [6,242,266],  Fundamental  flame  experiments  have 
shown  that  the  methyl  esters  that  make  up  FAME  produce  lower 
NOx  emissions  than  their  alkane  analogs  under  equivalent  fuel-air 
stoichiometry,  due  to  reductions  in  both  thermal  and  prompt  NO 
contributions  [266].  These  studies  also  show  that  unsaturated 
FAME  fuel  molecules  produce  more  NOx  than  saturated  fuels, 
due  to  their  higher  flame  temperatures,  and  that  ethyl  esters  can 
be  prone  to  slightly  higher  NOx  emissions,  although  the  effect  is 
small  for  esters  with  longer  hydrocarbon  chain  lengths  [266],  From 
these  fundamental  flame  studies,  it  is  clear  that  the  “biodiesel  NOx 
effect”  does  not  arise  from  any  intrinsic  fuel-chemistry  issue  but, 
rather,  results  from  complex  interactions  between  the  various 
physical  and  chemical  properties  of  the  fuel  on  the  performance  of 
individual  Cl  engines. 

In  order  to  reduce  these  NOx  emissions,  several  options  are 
available.  Optimizing  the  fuel  injector  timing,  or  adjusting  other 
engine  operational  parameters,  should  allow  the  engine  to  be 
tuned  to  reduce  NOx  emissions  for  a  specific  fuel  mixture 
[6,243,245,246,250,253],  although  this  will  typically  simulta¬ 
neously  increase  the  soot  emissions  due  to  the  well-known 
tradeoff  between  soot  and  NOx  emissions  [245],  Adjustment  of 
the  biodiesel  blend  cetane  number  through  the  use  of  additives  is 
another  option  for  legacy  fleets  [249]  but  the  potential  for  this 
solution  may  be  limited  for  advanced  engines  [250],  Use  of 
exhaust-gas  recirculation  can  greatly  reduce  NOx  emissions  for 
FAME-diesel  blends  [246,249,250],  but  this  can  slightly  increase 
soot  emissions  [253],  The  use  of  modern  engine  control  systems 
and  low-temperature  combustion  processes  to  achieve  low- 
emissions  Cl  operation  will  be  discussed  further  in  Section  4.2. 

Advances  in  the  ability  to  model  the  combustion  chemistry  of 
these  biodiesel  fuels  [7,86,241,242,267,268],  including  the  devel¬ 
opment  of  reduced  chemistry  models  [152,154],  as  well  as 
improved  modeling  of  the  complex  turbulent  combustion  envir¬ 
onment  in  Cl  engines,  will  aid  in  unraveling  the  complex  physical 
and  chemical  processes  taking  place  in  Cl  engines  that  lead  to 
these  various  toxic  pollutant  emissions. 


3.2.4.  Renewable,  synthetic  diesel  fuel  effects  on  Cl  engine 
performance  and  emissions 

One  problem  with  FAME  biodiesel  is  the  poor  oxidative  stability 
of  the  fuel,  especially  for  fuel  molecules  with  more  double  bonds, 
and  fuel  polymerization  can  cause  filter  clogging  [87].  Renewable 
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diesel  fuel  derived  from  either  hydrotreating  FAME  biodiesel  [73], 
or  through  FT  synthesis  [13,91,94],  is  more  compatible  with 
existing  engine  technology  than  FAME  biodiesels  and,  thus,  leads 
to  improved  engine  performance  [73,94],  These  renewable  diesel 
fuels  have  effectively-equivalent  energy  densities  as  petroleum- 
derived  fuels,  due  to  the  lack  of  oxygen  content  and  similar 
hydrogen-to-carbon  ratios  [91  ],  and  cetane  numbers  in  the  range 
of  70-75,  so  that  the  straight-chain  fuel  must  be  blended  with 
lower  quality  fuels  for  use  in  legacy  diesel  engines  [92],  or  be 
branched  via  oligimerization  reactions  to  a  cetane  number  around 
50  for  use  as  a  pure  diesel  fuel  [93],  FT  fuels  do  not  contain 
aromatic  hydrocarbons  and,  thus,  have  poor  lubricity  character¬ 
istics,  which  can  be  remediated  by  blending  FT  synthetic  diesel 
with  FAME  biodiesel  or  petroleum  diesel  [94],  or  by  using 
specialized  aromatic  additives  [96],  The  high  cetane  number  of 
FT  or  hydrotreated-renewable-diesel  fuels  and  their  lack  of  aro¬ 
matic  content  are  considered  to  be  the  primary  factors  responsible 
for  the  observed  decrease  in  NOx,  soot,  unburned  hydrocarbon 
and  CO  pollutant  emissions,  and  increase  in  thermal  efficiency, 
observed  for  FT  fuels  compared  to  conventional  diesel  [73,94,252], 
More  details  on  the  combustion  properties  of  FT-derived  fuels 
compared  to  petroleum-derived  fuels  are  given  for  aviation  fuels 
in  Section  3.3.3,  and  the  same  discussion  applies  to  using  these 
fuels  in  either  gas-turbine  or  diesel  engines. 


3.2.5.  Alcohol-diesel  blends  for  Cl  engines 

Smaller  oxygenated  fuels,  such  as  alcohols  (e.g.,  ethanol  or 
butanol),  are  not  applicable  as  alternative  diesel  fuels  in  a  pure 
form  due  to  their  high  octane  rating,  which  corresponds  to  a  low 
cetane  number,  typically  less  than  10  [85],  The  poor  ignition 
properties  of  these  fuels  delays  ignition  and  results  in  higher 
unburned  hydrocarbon  emissions  [269,270].  Ethanol-diesel 
blends  have  been  used,  typically  only  up  to  a  maximum  of  15% 
due  to  solubility  issues  at  low  temperatures,  and  generally  show 
reductions  in  sulfur-oxide  and  particulate-matter  (soot)  emissions, 
no  change  or  slight  reductions/increases  in  NO*  and  CO  emissions, 
and  increases  in  unburned  hydrocarbon  emissions  [269,270], 
Higher  CO  levels  are  observed  in  partially-premixed  ethanol 
flames  than  for  hydrocarbon  flames,  and  there  is  also  a  high 
sooting  propensity  for  ethanol,  due  to  the  direct  production  of 
ethylene  and  other  soot  precursors  during  the  initial  fuel  decom¬ 
position  [210].  This  is  complicated  by  the  fact  that  the  carbon 
bonded  to  the  OH  functional  group  only  contributes  one  half  of  a 
carbon  to  the  soot-formation  radical  pool  [146].  Droplet  combus¬ 
tion  experiments  of  n-butanol  showed  very  low  soot  levels  due  to 
less  acetylene  production  during  the  combustion  process  [271], 
Blends  of  n-butanol  with  n-dodecane  show  a  reduced  sooting 
propensity  for  butanol,  but  also  a  lower  rate  of  soot  oxidation  after 
it  is  formed  that  can  slow  soot  burnout  before  exhaust  [272], 
which  could  lead  to  higher  net  PM  emissions. 

Alcohols  are  ignition-retarding  compounds  when  added  to 
diesel  fuel  [176].  The  reduction  in  low-temperature  ignition 
propensity  (lower  cetane  numbers)  when  alcohols  are  blended 
with  petroleum  fuels  is  caused  by  the  alcohol  acting  as  a  sink  of 
reactive  species  that  reduces  the  overall  chain-branching  reaction 
rates  and,  thus,  slows  ignition  [171,176],  as  discussed  above  in  the 
context  of  the  octane  ratings.  The  high-octane  tert-butanol  has  a 
highly-branched  structure  that  results  in  it  having  the  lowest 
reactivity,  and  hence  smallest  cetane  number,  of  the  butanol 
isomers,  as  well  as  a  lower  cetane  number  than  ethanol  [176], 
Interestingly,  even  though  it  has  the  lowest  pure-component 
cetane  number  with  the  largest  variation  from  petroleum  diesel, 
it  has  the  least  effect  in  retarding  the  ignition  process  of  alcohol- 
diesel  fuel  blends  of  all  of  the  alcohols  studied  [176],  This  is  due  to 
the  fact  that  the  reactive-species-scavenging  reactions  discussed 


above  are  less  likely  for  the  highly-branched  tert-butanol  molecule 
[176],  so  that  it  acts  like  an  inert  compound,  rather  than  an 
ignition  retarder,  in  the  mixture.  The  combustion  properties  of 
alcohol  fuels,  or  their  blends  with  diesel,  can  be  improved  by 
adding  ignition  promoters,  such  as  alkyl  nitrates  [273-276],  More 
research  into  the  chemical  mechanisms  behind  these  ignition 
promoting  additives  and  studies  on  engine  performance  and 
emissions  are  needed. 


3.2.6.  Pyrolysis  liquids  as  fuels  for  Cl  engines 

Pyrolysis  liquids  (PL)  have  been  used  within  Cl  engines,  but  no 
study  has  resolved  all  the  performance,  emissions  and  durability 
issues.  There  has  been  some  important  prior  work  investigating 
the  feasibility  of  operating  boilers,  gas  turbines  and  diesel  engines 
with  PL  [99].  In  a  10  kW  spray  burner  fueled  by  a  blend  of  80%  PL 
and  20%  ethanol  by  volume,  the  PL  blend  had  higher  CO,  NOx,  and 
particulate  emissions  than  number  2  fuel  oil  (i.e.  diesel)  while  PL's 
emissions  were  more  comparable  to  number  4  fuel  oil  because  of 
their  similar  non-distillable  fraction,  fuel  nitrogen,  and  ash  con¬ 
tents  [100], 

Solantausta  et  al.  first  published  a  study  on  the  use  of  PL  in  Cl 
engines  in  1993  [277],  and  since  then  there  has  been  a  number  of 
engine  studies  in  this  field  [101].  Several  other  investigators  have 
studied  the  performance  of  PLs  in  Cl  engines  with  power  outputs 
in  the  range  of  5-550  kW  [277,278],  The  most  common  technical 
challenges  encountered  when  fueling  Cl  engines  with  PL  are:  poor 
ignition  quality,  injector  needle,  nozzle,  or  fuel  pump  corrosion 
and  erosion,  clogging  of  injectors,  and  coke  deposition  in  combus¬ 
tion  chambers  [279,101].  In  addition  to  these  challenges,  the 
properties  of  PLs  are  not  ideally  suited  for  combustion  in  Cl 
engines.  Specifically,  PLs  are  acidic,  contain  organic  solids,  and 
inorganic  ash  particles,  all  of  which  contribute  to  the  corrosion  or 
erosion  of  engine  components  [280,281],  The  low  heating  value, 
along  with  the  high  water  content  of  PLs  contribute  to  slower  heat 
release,  incomplete  combustion,  and  in  some  cases,  high  CO 
emissions  [279].  Other  properties  that  affect  the  use  of  PLs  in  Cl 
engines  are  the  viscosity  and  surface  tension  of  the  liquid.  These 
properties  are  both  higher  than  the  same  properties  for  diesel  fuel 
and  therefore  lead  to  poorer  atomization  within  Cl  engine  com¬ 
bustion  chambers:  however,  these  properties  improve  with 
increasing  temperatures  [281],  The  poor  atomization  in  turn  leads 
to  larger  droplets  being  formed,  longer  ignition  delay  times,  and 
coking  on  cylinder  walls.  Furthermore,  it  has  been  shown  that  PL 
combustion  is  kinetically  limited,  while  diesel  fuel  is  mixing 
limited.  That  is  to  say  that  PL  fuels  require  more  time  (or  higher 
chamber  temperatures)  for  the  chemical  reactions  to  occur  [280], 

A  number  of  methods  to  improve  the  performance  of  PL  in  Cl 
engines  have  been  proposed  and  tested.  Several  researchers  have 
attempted  to  deal  with  the  poor  ignition  of  PLs  by  using  ignition 
improver  additives  with  high  cetane  numbers,  such  as  di-ethyl- 
hexyl-nitrate  or  diglyme  in  quantities  ranging  from  5  to  10  wt% 
[280,282].  Another  method  of  dealing  with  the  poor  ignition  of  PL 
is  to  raise  the  temperature  within  the  combustion  chamber,  with 
the  use  of  preheated  intake  air.  Additionally,  modification  of  the 
piston  can  be  utilized  to  increase  the  compression  ratio  within  the 
engine  cylinder,  which  also  increases  the  cylinder  temperature. 
Van  de  Beld  et  al.  has  successfully  modified  the  piston  to  increase 
the  compression  ratio  from  17  to  22,  which  has  the  effect  of  raising 
the  cylinder  temperature  and  reducing  the  amount  of  air  preheat 
[283],  Finally,  diesel  pilot  injection  has  been  used  to  ensure  proper 
combustion  of  PLs  in  the  cylinder,  achieving  sustained  operation 
with  high  amounts  of  PL  used  [277,284,285],  Another  method  of 
increasing  combustion  stability  in  Cl  engines  is  emulsification  of 
PL  with  diesel  fuel  [278,282,283,286-289],  While  this  has  proven 
successful  for  achieving  stable  operation  in  Cl  engines,  injection 
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systems  still  undergo  severe  corrosion.  Methods  for  reducing  the 
corrosion  or  erosion  effects  produced  by  the  acidic  nature  or  ash 
content  in  PL  include  material  selection  for  the  fuel  injection 
system  that  are  compatible  with  acidic  liquids,  such  as  stainless 
steels.  As  for  clogging  or  solids  formation  in  injection  nozzles, 
researchers  have  attempted  the  use  of  inline  fuel  filters,  pre¬ 
filtering  the  PL  fuel,  or  solvent  addition  to  the  PL  fuel  prior  to 
injection.  These  methods  have  been  only  partially  successful,  as 
most  studies  mention  some  instance  of  injector  clogging,  or 
deposit  formation  in  the  injection  system  [290], 

In  terms  of  the  gas  emissions  from  the  operation  of  PL  in  Cl 
engines,  in  general,  the  NO*  content  is  reported  to  be  roughly  half 
that  of  diesel  NO*  emissions,  while  the  CO  emissions  are  reported 
to  be  as  much  as  12  times  higher  than  diesel  CO  emissions  [279], 
Few  studies  measured  unburned  hydrocarbons  (UHC  or  THC)  or 
particulate  matter  (PM);  however,  it  was  shown  that  as  engine 
loads  increased  the  UHC  becomes  comparable  or  higher  than  that 
of  diesel  [290],  One  engine  study  found  that  PL  had  both  lower  PM 
number  concentration  and  size  than  when  using  diesel  fuel  [287], 
Due  to  these  various  engine  operation  and  durability  issues,  it 
is  unlikely  that  raw  PL  is  a  feasible  transportation  fuel  and 
upgrading  will  be  needed  to  convert  it  into  either  a  drop-in  fuel 
or  a  blend  additive. 

3.3.  Gas-turbine  (jet)  engine  alternative  fuels 

3.3.1.  Gas-turbine  (jet)  engine  combustion  process 

In  jet  engines,  liquid  jet  fuel  is  injected  into  the  combustion 
chamber,  which  can  be  a  more  traditional  array  of  cans  around  the 
axis  of  the  engine  or  a  modern  annular  combustor  [291,292],  By  its 
nature  of  operation,  the  gas  turbine  is  a  continuous-flow  machine, 
rather  than  a  cyclical  machine  like  the  internal  combustion 
engines  discussed  previously.  The  combustion  process  and  flame 
stabilization  technologies  vary  with  engine  design,  but  a  common 
flame  stabilization  approach  in  aviation  engines  is  to  employ  an 
atomizing  fuel  injector  coupled  with  a  swirling  airflow  and  a  bluff 
body  to  provide  a  recirculation  zone  of  hot  combustion  products 
that  can  act  to  stabilize  the  flame  and  prevent  blow-off,  or  flame 
out  [292,293],  As  in  Cl  engines,  non-premixed  flames  are  stabilized 
that  result  in  high  flame  temperatures  and,  thus,  high  NO* 
emissions,  and  produce  soot  due  to  high-temperature  fuel-rich 
regions  located  on  the  fuel  side  of  the  non-premixed  flame.  In 
order  to  reduce  the  NO*  levels,  a  successful  combustion  strategy 
has  been  to  use  rich-quench-lean  combustors  [291,292,294,295], 
and  Fig.  3  is  a  cartoon  describing  the  general  properties  of  such  a 
rich-quench-lean  gas-turbine  combustor,  inspired  by  the  detailed 
simulation  results  of  Mueller  and  Pitsch  [291],  The  non-premixed 
flame  is  stabilized  using  swirl  and  bluff-body  recirculation,  and  the 
airflow  to  the  combustion  chamber  is  controlled  so  as  to  maintain 
a  very  fuel-rich  mixture  in  the  primary  rich  flame  zone  [291,292], 
The  lack  of  excess  oxygen  and  the  relatively  low  flame  tempera¬ 
ture  of  the  fuel-rich  mixture  in  the  primary  combustion  zone 
reduces  the  formation  of  thermal  NO*  [296],  since  only  the 
periphery  of  the  rich  primary  zone  will  react  at  stoichiometric 
conditions  with  the  available  cooling  air.  Following  the  primary 
rich  combustion  zone,  a  high  flow  rate  of  air  is  provided  to  quench 
the  flame  and  reduce  the  overall  equivalence  ratio  of  the  mixture 
from  fuel-rich  to  fuel-lean  conditions  [292,296],  The  partially- 
oxidized  fuel  remaining  in  the  mixture  is  fully  oxidized  to 
combustion  products  in  a  distributed  turbulent  reaction  zone 
downstream  of  the  quench  zone  [291],  termed  the  lean  dilution 
zone  [292,296].  Mueller  and  Pitsch  have  shown,  via  detailed 
simulations  of  a  Pratt  and  Whitney  combustor,  that  a  large  volume 
of  soot  is  formed  in  the  fuel-rich  primary  zone,  which  is  mostly 
oxidized  by  the  quenching  and  dilution  air  [291].  The  resulting 
soot  emissions  from  such  a  rich-quench-lean  combustor  occur  due 
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Fig.  3.  Cartoon  of  the  combustion  process  in  a  rich-quench-lean  gas-turbine 
combustor.  The  jet  fuel  is  atomized  into  a  swirling  and  recirculating  flow  at  the 
swirl  fuel  injector  and  the  airflow  is  set  so  as  to  keep  the  primary  flame  zone  fuel 
rich.  A  large  amount  of  air  is  injected  after  the  primary  rich  flame  zone  to  quench 
the  reaction  and  create  a  fuel-lean  mixture,  which  then  reacts  in  a  distributed  and 
well-stirred  reaction  zone  within  the  lean  dilution  zone. 

Cartoon  inspired  by  numerical  simulation  results  presented  by  Mueller  and  Pitsch 
[291]. 

to  pockets  of  fuel-rich  mixture  that  escape  through  the  quenching 
and  dilution  zones  without  being  mixed  with  excess  air  and, 
therefore,  the  soot  is  not  oxidized  in  the  lean  dilution  zone  and 
escapes  the  combustor  into  the  turbine  and  engine  exhaust 
intermittently  as  “puffs”  of  smoke  [291], 

3.3.2.  Jet  fuel  combustion  properties 

Jet  fuel  [54],  or  aviation  kerosene,  is  a  mix  of  hydrocarbon 
molecules  that  includes,  among  others,  straight-chain  paraffins 
(n-alkanes),  cyclic  paraffins  (cyclo-alkanes),  branched-chain  paraf¬ 
fins  (e.g.,  iso-alkanes),  and  aromatic  molecules  [53].  It  is  a  middle- 
distillate  cut  of  crude  oil  that  falls  between  gasoline  and  diesel  fuel 
[297],  Researchers  have  proposed  various  surrogate  fuels  for  jet  fuel, 
typically  containing  mixtures  of  normal  alkanes,  such  as  n-decane  or 
n-dodecane,  cyclo-alkanes,  such  as  methyl-cyclo-hexane  or  n-pro- 
pyl-cyclo-hexane,  branched  alkanes,  such  as  iso-octane,  and  aro¬ 
matics,  such  as  toluene,  xylene  or  n-propyl-benzene  [145,298-300], 
Recent  work  by  a  multi-university  research  team  has  proposed 
surrogate  mixtures  of  n-dodecane/iso-octane/toluene  (42.67/33.02/ 
24.31%  by  mole)  [301]  or  n-dodecane/iso-octane/l,3,5-tri-methyl- 
benzene/n-propyl-benzene  (40.4/29.5/7.3/22.8%  by  mole)  [150]  that 
capture  Jet  A  fuel  properties  over  a  wide  range  of  combustion 
conditions,  ranging  from  low-temperature  ignition  to  high- 
temperature  flames.  Recent  work  has  shown  that  similar  perfor¬ 
mance  can  be  achieved  by  blending  representative  distillation  cuts 
of  real  gas  turbine  fuels  [302],  Combustion  models  for  such  jet  fuel 
surrogates  have  been  proposed  [299,300,303-305],  including 
reduced  models  e.g.,  [306]  and  model  validation  is  ongoing 
[148,156,298,300,303,305,307,308], 

3.3.3.  Biojet  fuel  effects  on  jet  engine  performance  and  emissions 

Serious  concerns  have  been  raised  regarding  the  use  of  FAME 

biodiesel  fuels  in  aircraft  due  to  the  poor  cold-temperature 
properties  of  these  fuels  and  the  low  temperatures  the  jet  fuel  is 
exposed  to  during  aircraft  flight  at  high  altitudes  [309],  For  that 
reason,  the  jet  fuel  standard  (D1655-09)  was  modified  to  limit  the 
amount  of  FAME  in  aviation  fuel  to  5  mg/kg  (5  ppm),  and  FAME  is 
now  considered  to  be  a  contaminant  in  the  jet  fuel  delivery 
infrastructure  [53,309],  The  recent  standard  (D1655-13)  states 
that  FAME  is  “not  approved  as  an  additive  for  jet  fuel”  and  that 
the  industry  is  “currently  applying  the  additive  approval  process  to 
evaluate  the  possible  allowance  of  the  presence  of  up  to  100  mg/kg 
of  FAME  in  aviation  turbine  fuel  to  facilitate  the  distribution  of 
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aviation  turbine  fuel  in  systems  containing  multiple  products” 
[54],  The  consensus  in  the  aircraft  industry  is  that  any  proposed 
biofuel  or  alternative  fuel  for  aviation  must  be  a  drop-in  fuel;  in 
other  words,  the  new  fuel  must  match  all  of  the  fuel  properties  of 
aviation  jet  fuel  (D1655  [54])  and  be  completely  compatible  with 
existing  infrastructure  and  engines.  Therefore,  if  vegetable  oils, 
animal  fats,  or  other  oxygenated  biofuels  are  to  be  used  as  a 
feedstock  for  aviation  fuel,  the  oils  must  undergo  hydrotreatment 
and  upgrading  to  create  what  is  known  as  hydrotreated  renewable 
jet  (HRJ)  fuel  [53,309],  sometimes  also  called  hydro-processed 
esters  and  fatty  acid  (HEFA)  fuels,  e.g.  [56],  which  is  similar 
to  renewable  diesel  obtained  from  hydro-deoxygenation  of  bio¬ 
diesel  [73],  In  addition  to  the  cold-temperature  issue  discussed 
above,  any  oxygen  content  in  aviation  fuel  would  reduce  its 
volumetric  and  mass  energy  densities,  reducing  vehicle  range 
and  the  efficiency  of  the  fleet  [310],  Therefore,  in  this  review,  only 
drop-in  synthetic-hydrocarbon  biofuels  are  discussed  for  aviation 
applications. 

Both  HRJ  and  FT-derived  biojet  fuels,  often  also  termed  syn¬ 
thetic  paraffinic  kerosene  (SPK),  are  composed  of  straight-  and 
branched-chain  paraffin  molecules.  SPK  fuels,  derived  from  spe¬ 
cific  feedstocks  and  conversion  processes,  may  be  blended  up  to 
50%  with  petroleum  jet  fuel  according  to  the  ASTM  D7566 
standard  [55,309],  One  major  issue  with  these  fuels  is  their  lack 
of  aromatic  content,  because  the  aromatic  molecules  in  the  fuel 
help  the  seals  to  swell,  preventing  them  from  drying  out  and 
shrinking  which  could  result  in  fuel  leakage  [53,95,96,309].  There¬ 
fore,  the  aromatic  content  in  any  biojet/jet  fuel  blend  is  fixed  at  a 
minimum  of  8%,  which  is  the  historical  minimum  of  aromatic 
content  in  aviation  jet  fuel,  even  though  no  scientific  evidence  for 
the  necessary  aromatic  content  has  been  obtained  [53].  Aromatics 
can  be  produced  from  catalytic  fast  pyrolysis  of  biomass-derived 
feedstocks,  which  suggests  the  possibility  of  a  fully-renewable  jet 
fuel  [36,311],  and  the  most-effective  additives  for  seal-swell 
enhancement  will  be  small  aromatic  molecules  with  significant 
polarity  and  hydrogen-bonding  potential  [96].  Importantly,  the 
reduced  aromatic  content  of  HRJ  or  FT  biojet  fuels  is  also  an 
advantage,  as  increased  aromatic  content  is  associated  with  poorer 
combustion  efficiency  (increased  CO  and  unburned  HC  emissions) 
and  increased  soot  emissions  [53,145].  Indeed,  use  of  synthetic  jet 
fuel  from  FT  or  HRJ  processes  has  been  shown  to  reduce  NO*  and 
soot  particulate  emissions,  reduce  CO  emissions  in  some  cases,  and 
to  reduce  fuel  burn  and,  thus,  improve  fuel  efficiency  in  aviation 
engine  tests  [53,95],  The  improvement  in  fuel  efficiency  is  due  to 
the  increased  energy  content  of  the  paraffinic  FT  or  HRJ  fuels 
compared  to  the  aromatics  that  make  up  a  significant  portion  of 
Jet-A  [53],  Fundamental  laboratory  experiments  have  recently 
shown  a  reduction  in  peak  soot  concentrations  by  approximately 
a  factor  of  4  between  Jet  A-l  (28%  aromatics)  compared  to  either 
n-decane  or  a  SPK  fuel,  which  were  similar,  due  to  the  lack  of 
aromatic  hydrocarbons  in  the  SPK  or  alkane  fuels  [312,313], 

The  combustion  properties  of  the  synthetic  hydrocarbons  that 
make  up  FT  or  HRJ  fuels  are  very  similar  to  that  of  traditional 
petroleum-fuel  components,  and  thus  modeling  of  the  combus¬ 
tion  of  biojet  and  jet-fuel  blends  can  be  accomplished  with  a 
similar  number  of  surrogate  components  as  for  jet  fuels 
[156,157,314,315],  The  flame  propagation  speeds  of  HRJ  and  FT 
biojet/jet  blends  are  found  to  be  very  similar  to  that  of  traditional 
Jet  A  and  hydrocarbon  surrogate  molecules  [307,315-323].  This  is 
consistent  with  our  understanding  of  high-temperature  combus¬ 
tion,  as  it  is  now  widely  understood  that  the  flame  propagation 
speed  is  not  sensitive  to  the  hydrocarbon  chain  length;  for 
example,  the  flame  speeds  for  alkane  fuel  molecules  with  greater 
than  5  carbon  atoms  all  collapse  together  when  plotted  as  a 
function  of  the  normalized  fuel-air  equivalence  ratio  at  consistent 
initial  temperatures  and  pressures  [148].  These  biojets  have 


reactivities  between  that  of  a  more-reactive  straight-chain  alkane 
fuel,  such  as  n-decane,  and  a  less-reactive  aromatic  fuel,  such  as 
toluene  [156,307,315],  Consistently,  fuels  with  lower  levels  of 
aromatic  content,  and  correspondingly  higher  concentrations  of 
straight-chain,  branched  or  cyclic  paraffins,  will  have  slightly 
higher  flame  speeds  and  are  more  resistant  to  extinction  than 
those  with  higher  levels  of  aromatics  [316,319,320], 

While  premixed  combustion  properties  are  important  for 
understanding  reactivity  changes  between  different  fuels  or  fuel 
blends,  traditional  aviation  gas-turbine  engines  operate  using  non- 
premixed  combustors  that  have  some  similarities  to  Cl  engines 
(cf.  Figs.  2  and  3);  the  combustion  is  sensitive  to  fuel  spray  and 
vaporization  processes,  as  well  as  non-premixed  turbulent  com¬ 
bustion  and  flame  extinction.  Biojet  fuels  must  have  similar 
vaporization  properties  to  Jet  A  to  meet  specifications  [54,55], 
generally  exhibiting  higher  vapor  pressures  at  the  same  tempera¬ 
ture  [315],  which  should  be  beneficial  for  cold-start  and  re-light  at 
altitude.  Indeed,  re-ignition  of  the  engine  at  altitude  after  a  flame- 
out  event  is  an  important  safety  issue.  Current  synthetic  fuels  have 
been  shown  to  have  similar  ignition  performance  as  Jet  A-l, 
provided  there  is  a  sufficient  fraction  of  light  hydrocarbons  in 
the  fuel  that  can  vaporize  and  form  the  initial  flame  kernel  around 
the  spark  region  [324],  Successful  transition  of  the  resulting  flame 
kernel  into  a  fully-burning  condition  depends  on  the  local  turbu¬ 
lence  intensity  and  mixture  composition  [325].  Ignition  of  heavier 
fuels,  such  as  diesel,  requires  higher  overall  fuel-air  ratios,  or 
higher  fuel  spray  rates,  in  order  to  increase  the  fuel  vapor 
composition  in  the  near-spark  region  so  as  to  achieve  successful 
ignition  [324], 

Once  the  engine  is  ignited,  the  steady-state  non-premixed 
flame  temperatures  will  scale  with  the  adiabatic  flame  tempera¬ 
tures  of  a  stoichiometric  fuel-air  mixture,  and  the  effect  of  the 
turbulent  flow  within  the  gas-turbine  engine  combustor  on  these 
flames  can  be  assessed  through  the  non-premixed  flame  extinc¬ 
tion  behavior  of  these  fuels.  Biojet  fuels  show  similar  non- 
premixed  flame  extinction  characteristics  to  Jet  A,  with  flames 
becoming  more  difficult  to  extinguish  as  the  level  of  biojet 
increases,  or  the  level  of  aromatics  decreases,  in  the  biojet/jet 
blend  [315],  Non-premixed  flame  extinction  conditions  have  been 
shown  to  be  more  sensitive  to  the  diffusivity  of  the  fuel  molecule, 
and  hence  the  hydrocarbon  chain  length  or  molecular  mass,  than 
premixed  flame  properties  [317,318],  Addition  of  toluene,  or  other 
aromatic  compounds,  is  seen  to  increase  the  extinction  propensity 
of  paraffin-aromatic  blends  compared  to  the  paraffins  alone 
[319,326],  due  to  a  kinetic  coupling  that  reduces  the  concentration 
of  reactive  OH  radicals  within  the  flame  zone  via  H-abstraction 
reactions  with  the  more-chemically-stable  aromatic  fuel  [326], 
The  impact  of  different  fuel  blends  on  their  non-premixed  flame 
extinction  properties  has  been  explained  by  using  a  radical  index, 
which  relates  the  production  of  OH  radicals  for  the  fuel  blend  of 
interest  to  a  reference  fuel,  such  as  n-decane,  and  the  transport- 
weighted  enthalpy  flux  into  the  flame,  which  is  proportional  to  the 
product  of  the  bulk  fuel  concentration,  the  fuel  diffusivity  (inver¬ 
sely  proportional  to  the  square-root  of  the  fuel  molecular  weight), 
and  the  heat  of  combustion  of  the  fuel  [326,327],  The  correlation 
proposed  by  Won  et  al.  [327]  fully  accounts  for  the  differences  in 
non-premixed  flame  extinction  for  a  wide  range  of  jet  fuel 
surrogate  components. 

Low-temperature  ignition  studies  show  that  HRJ  fuels  ignite 
more  readily  than  the  Jet  A  fuels  due  to  their  higher  cetane 
numbers  [308,328],  and  higher  levels  of  branching  in  the  fuel  lead 
to  reduced  low-temperature  reactivity  as  does  inclusion  of  cyclo¬ 
alkanes  [329].  Under  high-temperature  ignition  conditions,  FT 
fuels  collapse  onto  results  for  Jet  A  [328,330],  consistent  with 
the  observed  lack  of  sensitivity  of  high-temperature  ignition  of 
long-chain  alkanes  to  the  hydrocarbon  chain  length  [239,331]  and 
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the  collapse  of  the  high-temperature  flame  speeds  [307,315-321], 
Other  studies,  based  on  flow  reactors  at  low  temperatures,  ignition 
delay  times,  and  extinction  of  laminar  flames  show  that  FT 
synthetic  jet  fuels  can  be  modeled  by  a  surrogate  of  n-decane 
and  iso-octane  [314], 

The  similar  reactivities  of  these  biojets  compared  to  Jet  A,  along 
with  their  reduced  aromatic  content,  explains  why  the  fuel 
combustion  performance  and  emissions  of  these  fuels  in  practical 
engine  geometries  is  improved  compared  to  the  Jet  A  baseline, 
especially  in  terms  of  soot,  carbon  monoxide,  and  unburned 
hydrocarbon  emissions,  as  is  observed  in  engine  tests 
[53,95,332],  There  appears  to  be  no  technological  reason  that 
would  prevent  synthetic  and  bio-derived  fuels  from  becoming 
100%  replacements  for  petroleum  jet  fuel  but,  rather,  cost  is  likely 
to  remain  the  critical  factor  limiting  biojet  fuel  penetration. 

4.  Alternative  propulsion  technologies  for  transportation 
vehicles 

The  modern  vehicle  has  been  optimized  in  terms  of  its 
production  cost  and  to  meet  increasingly  stringent  pollutant- 
emissions  standards,  rather  than  for  its  fuel  efficiency  per  se. 
As  the  price  of  fuel  increases  due  to  supply-demand  constraints,  it 
is  expected  that  increased  attention  will  be  paid  to  reducing 
operational  costs  through  improved  fuel  efficiency.  Hybrid- 
electric  vehicles  represent  one  important  way  to  improve  the 
overall  performance  of  the  powertrain,  because  significant  bene¬ 
fits  are  obtained  by  (i)  using  regenerative  braking  to  capture  and 
store  the  vehicle's  kinetic  energy  in  the  battery  for  later  use,  (ii) 
avoiding  engine  idle  and  (iii)  allowing  the  engine  to  operate  at  its 
optimal  set  point  [333],  While  fully-electric  vehicles  are  coming 
onto  the  market,  the  reduced  vehicle  range  that  results  from  the 
low  energy  density  of  current  batteries  prevents  their  widespread 
adoption.  Another  important  goal  in  advanced  engine  design  is  to 
lower  pollutant  emissions  to  meet  increasingly  stringent  regula¬ 
tions  and  improve  urban  air  quality.  As  discussed  previously, 
keeping  the  fuel-air  mixture  to  fuel-lean  or  near-stoichiometric 
conditions  can  avoid  the  soot  formed  in  fuel-rich  mixture  regions, 
and  lowering  the  combustion  temperature  can  reduce  NOx  emis¬ 
sions.  Thus,  advanced  engine  designs  are  aiming  to  use  low- 
temperature  premixed  or  partially-premixed  combustion  [234], 
similar  to  the  flameless  oxidation  [334]  or  MILD  combustion  [335] 
processes  used  in  industrial  burners,  in  order  to  meet  ultra-low- 
emissions  standards.  Several  potential  future  engine  technologies, 
ranging  from  near-term  to  far-term  solutions,  are  discussed  in  the 
following  sections. 

4.1.  Homogeneous-charge  compression-ignition  (HCCI)  engines 

Gasoline  engines  suffer  from  reduced  efficiency  at  partial  load, 
because  of  throttle-valve  losses,  and  are  limited  to  lower  compres¬ 
sion  ratios,  resulting  in  lower  efficiencies,  than  Cl  engines  due  to 
the  potential  for  engine  knock  [122-124,170,229],  A  novel  engine 
concept,  that  is  a  cross  between  traditional  spark-ignition  (SI 
or  gasoline)  and  compression-ignition  (Cl  or  diesel)  engines,  is 
the  homogeneous-charge  compression-ignition  (HCCI)  engine 
[121,123,126,131,170,336],  which  achieves  high  efficiency  through 
the  removal  of  the  throttling  valve  [230]  and  through  the  use  of 
high  compression  ratios  as  in  diesels  [170,229],  HCCI  combustion 
also  results  in  lower  combustion  temperatures,  which  reduces 
heat  losses  to  the  engine  cylinder  walls  and  thereby  improves 
engine  efficiency  and  vehicle  mileage  [2[.  One  limitation  to  HCCI 
engine  performance  is  the  fact  that  combustion  becomes  unstable 
under  high-load  conditions,  due  to  fast  pressure  rises  resulting 
in  engine  noise,  knock  and  potential  engine  damage,  while 


auto-ignition  is  difficult  to  control  under  low-load  conditions 
due  to  the  low  fuel  concentrations  [124],  Therefore,  HCCI  engines 
cannot  cover  the  full  operational  range  needed  by  a  typical 
passenger  vehicle  [124,170],  One  solution  for  operation  at  low- 
load  conditions  (e.g.,  engine  idle),  is  to  create  a  stratified  charge 
within  the  cylinder  using  direct  injection  to  maintain  a  sufficient 
fuel-air  ratio  next  to  the  spark  to  enable  spark  ignition,  similar  to 
the  DISI  engine  discussed  in  Section  3.1.5  [122,124],  At  high  loads, 
dilution  of  the  fuel-air  mixture  with  additional  exhaust  gases, 
either  by  employing  external  exhaust-gas  recirculation  (EGR)  or 
variable  valve  timing  to  trap  exhaust  within  the  cylinder  before 
the  air  is  ingested,  can  limit  the  heat-release  rate  and  pressure  rise 
to  prevent  engine  knock  [124].  Concerns  about  the  need  to  switch 
the  engine  between  the  DISI  mode  at  low  loads  to  lean-burn  HCCI 
mode  at  mid  loads  and  to  a  EGR-diluted  fuel-rich  HCCI  mode  at 
high-loads  [124],  can  be  eliminated  if  HCCI  engines  are  used  as  a 
generator,  or  are  supplemented  with  electric  boost,  within  a 
hybrid-electric  powertrain  [170], 

A  cartoon  of  the  HCCI  combustion  process  is  given  in  Fig.  4 
[87,121,229,337],  HCCI  engines  utilize  a  premixed  fuel-and-air 
charge  in  the  engine,  similar  to  SI  engines,  but  no  spark  is  utilized 
and  ignition  is  induced  solely  through  gas  compression  resulting 
from  piston  motion.  The  fuel-air  mixtures  in  the  engine  are  too 
fuel-lean,  or  too  diluted  with  exhaust  gases,  to  support  a  flame  and 
the  ignition  of  the  gas  happens  in  many  small  “hot  spots”,  or 
“ignition  kernels"  distributed  throughout  the  engine,  a  process 
controlled  by  the  low-temperature  combustion  chemistry 
[87,121,123,170],  The  initiation  of  low-temperature  combustion 
throughout  the  cylinder,  instead  of  a  spark  initiating  a  high- 
temperature  flame  as  in  SI  engines,  allows  extremely  low  fuel- 
air  ratios  to  be  utilized  which  can  reduce  the  engine  temperatures 
and,  therefore,  NO*  emissions.  Unfortunately,  HCCI  engines  can  be 
noisy  and  emissions  of  unburned  hydrocarbons  and  carbon  mon¬ 
oxide  can  increase  due  to  fuel  remaining  trapped  in  crevices  in  the 
piston  and  cylinder,  and  because  the  low  combustion  tempera¬ 
tures  reduce  the  burnout  of  CO  to  C02  [112,123,124,126,131],  These 
problems  are  exacerbated  by  cold  initial  engine  temperatures, 
making  cold  start  in  the  winter  months  problematic  [123],  In  order 
to  burnout  the  hydrocarbons  and  CO,  a  combustion  temperature 


Fig.  4.  Cartoon  of  the  combustion  process  within  a  HCCI  engine.  A  premixed  fuel- 
air  mixture  is  created  within  the  cylinder  that  is  either  fuel  lean,  i.e.  diluted  by 
excess  air,  or  diluted  with  exhaust  gases.  Auto-ignition  of  the  mixture  occurs  in 
multiple  hot  spots,  or  ignition  kernels  (IK),  and  the  combustion  process  occurs  as  a 
low-temperature  distributed  reaction,  rather  than  as  a  propagating  flame. 

Cartoon  inspired  by  figures  in  Refs.  [87,121,229,337]. 
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higher  than  1500  K  is  needed,  while  temperatures  above  1800  K 
should  be  avoided  to  prevent  NO*  [170],  Soot  formation  is 
generally  low  due  to  the  fuel-lean  mixtures  used;  thus,  one  benefit 
of  HCCI  engines  is  that  they  can  achieve  the  efficiencies  associated 
with  Cl  engines  at  very  low  emissions  levels,  which  can  be  dealt 
with  using  current,  relatively  inexpensive,  exhaust  after-treatment 
technology  [170], 

No  direct  ignition-control  mechanism  exists  in  HCCI  engines 
like  the  spark  in  a  SI  engine  or  the  fuel-injection  timing  in  a  Cl 
engine  and,  thus,  low-temperature  combustion  chemistry  controls 
ignition  and  has  a  strong  influence  on  engine  stability 
[123,170,336],  Control  strategies  relying  on  exhaust-gas  recircula¬ 
tion  (EGR),  fuel  and  temperature  stratification  within  the  cylinder, 
and  other  techniques  are  being  employed  [123,170],  and  further 
knowledge  of  the  low-temperature  combustion  chemistry  of 
possible  HCCI  fuels,  including  biofuels,  are  needed  for  modeling 
and  design  of  these  devices  [126,131,132,170],  The  ideal  HCCI  fuel 
is  one  with  a  medium  octane  rating,  but  this  depends  on  the 
compression  ratio  and  the  mixture  charge  within  the  cylinder 
[123,170],  n-Butanol  has  been  used  as  an  HCCI  fuel  both  neat  [338] 
and  in  blends  with  gasoline,  where  both  formaldehyde  and 
acetaldehyde  emissions  significantly  increase  compared  to  gaso¬ 
line  [339],  Recent  studies  have  shown  that  addition  of  butanol  to 
primary  reference  fuels  retards  ignition  timing  [340],  consistent 
with  the  octane  rating  of  the  fuel,  while  other  experiments  found 
that  ignition  timing  was  advanced  for  butanol-gasoline  blends 
[339], 

It  has  been  suggested  that  the  fuel  chemistry  should  be  optimized 
in  order  to  control  the  combustion  event,  or  to  vary,  in  real  time,  the 
fuel  blend  between  different  fuel  types  to  control  the  ignition  within 
the  engine  [336],  such  as  high-octane  ethanol  and  low-octane  diesel, 
as  in  the  reactivity-controlled  compression-ignition  (RCCI)  engine 
variant  of  HCCI  [87,170,341],  Studies  of  ethanol  and  n-heptane 
mixtures  in  a  HCCI  engine  showed  that  addition  of  the  highly- 
reactive  n-heptane  could  have  a  strong  effect  on  the  heat  release  rates 
and  combustion  timing  of  the  blend  [342],  It  is  also  possible  to  achieve 
ignition  control  in  HCCI  engines  through  the  utilization  of  two  fuel 
injection  pulses  into  the  cylinder:  the  first  injection  is  at  the  end  of  the 
exhaust  stroke  so  as  to  reform  the  fuel  into  reactive  intermediates 
using  low-temperature  cool-flame  combustion  reactions  [343],  while 
the  second  fuel-injection  event  is  during  the  intake  or  compression 
stroke  [170],  Varying  the  amounts  of  fuel  injected  into  the  two  pulses, 
and  their  timing,  can  alter  the  overall  reactivity  of  the  final  cylinder 
charge  and  control  the  resulting  combustion  phasing  [170],  As  more 
EGR  and  fuel  stratification  are  used  in  HCCI  engines  at  high  loads,  the 
lines  are  blurred  between  HCCI  and  low-temperature-diesel  combus¬ 
tion  modes  [170],  as  discussed  further  in  the  next  section. 

It  is  anticipated  that  efficient  HCCI  combustion  would  require  a 
tightening  of  fuel  property  specifications,  compared  to  those  for 
current  gasoline  fuels,  and  for  more  than  one  type  of  fuel  in  the 
RCCI  variant.  It  appears  that  an  optimum  fuel  for  HCCI  operation 
would  have  auto-ignition  properties  between  that  of  gasoline  and 
diesel  fuels  [2],  While  oxygenated  biofuels  could  play  a  role  as 
ignition-control  additives,  or  as  secondary  RCCI  fuels,  it  appears 
that  HCCI  engines  would  primarily  require  either  petro-fuels  or 
synthetic  hydrocarbons  from  FT  or  hydrotreated  oils.  These  fuels 
would  need  to  be  processed  via  oligomerization  reactions  to 
control  the  fuel  branching,  and  hence  ignition  properties,  of  the 
fuel.  Such  fuel-upgrading  reactions  require  energy  and  hydrogen 
inputs  that  will  likely  increase  the  net  life-cycle  greenhouse-gas 
footprint  of  the  resulting  HCCI/RCCI-specific  fuel.  These  low- 
temperature  combustion  engines  have  shown  fuel-efficiency 
improvements  of  approximately  20%  over  standard  Cl  engines, 
and  40-50%  over  conventional  SI  gasoline  engines  [2],  which 
warrants  further  efforts  to  improve  the  internal  combustion 
engine  even  after  more  than  a  century  following  its  development. 


Another  potential  method  to  control  reactivity  and  auto¬ 
ignition  in  a  HCCI  engine  is  to  employ  plasma  sources  to  activate 
the  chemical  mixture  and  effect  the  ignition  delay  times  [344- 
351],  Employing  plasma  activation  in  SI  engines  leads  to  reduc¬ 
tions  in  the  lean  limit  of  engine  operability  [345,352]  which  could 
provide  an  opportunity  to  run  an  engine  in  a  mode  that  falls 
between  HCCI  and  traditional  SI  or  DISI  operation. 

4.2.  Low-temperature  combustion  compression-ignition  (diesel) 
engines 

In  order  to  simultaneously  reduce  the  production  of  NOx  and  soot 
emissions  in  Cl  engines,  it  is  possible  to  use  highly-diluted  combus¬ 
tion  conditions  to  keep  the  flame  temperature  below  the  critical 
value  of  1650  K  [229,336],  Such  low-temperature  diesel  combustion 
systems  rely  on  exhaust-gas  recirculation  (EGR),  at  dilution  levels  of 
greater  than  60%,  to  reduce  the  oxygen  content  to  below  10%  in  the 
intake  charge,  i.e.,  the  exhaust-product/air  mixture  drawn  into  the 
cylinder  before  compression  and  fuel  injection  [229,336],  By  inten¬ 
tionally  lengthening  the  ignition  delay  time  of  the  fuel-air-exhaust 
mixture  through  dilution  via  EGR  and  by  utilizing  multiple  high- 
pressure  fuel  injection  events,  each  resulting  in  highly-turbulent  jets 
that  promote  rapid  mixing,  a  more  homogeneous  mixture  is 
obtained  that  will  burn  in  a  premixed  or  partially-premixed  mode, 
distributing  the  reaction  zone  spatially  and  reducing  the  flame 
temperature  as  in  HCCI  engines  [123,170,229],  Thus,  there  is  a 
spectrum  of  possible  engine  in-cylinder  conditions,  varying  from 
traditional  non-premixed  diesel  operation,  through  partially- 
premixed  and  stratified  engine  charges,  to  fully-premixed  HCCI 
mode,  that  can  be  created  by  the  combustion  engineer  to  control 
the  local  and  global  mixture  compositions  at  ignition  and  combus¬ 
tion,  which  strongly  affects  the  resulting  combustion  temperatures 
and  the  associated  pollutant  emissions.  Such  control  of  the  engine 
charge  composition  is  possible  through  varying  the  fuel  injection 
timing,  including  multiple  pulses,  and  its  location,  which  can  be 
within  the  intake  port  or  from  multiple  in-cylinder  fuel-injectors 
[229],  A  cartoon  of  one  possible  diesel  low-temperature  combustion 
process  is  provided  in  Fig.  5  [123,229,353,354], 

More  premixing  of  the  fuel-air-exhaust  mixture  reduces  soot 
emissions  and  the  lower  resulting  flame  temperatures  reduce  NO* 
emissions  [110,229,237],  Unfortunately,  these  reductions  in  NO* 
and  soot  come  at  the  expense  of  increased  unburned  hydrocarbon 
and  CO  emissions,  which  also  result  in  reduced  thermal  efficiency 
of  the  engine  [336],  Current  development  efforts  on  low- 
temperature  combustion  systems  aim  to  address  these  deficiencies 
and  improve  the  thermal  efficiency  and  emissions  characteristics 
of  advanced  Cl  engines.  Such  efforts  increasingly  demand 
improved  knowledge  of,  and  models  for,  the  fundamental  com¬ 
bustion  chemistry  of  a  range  of  potential  alternative  diesel  fuels,  as 
well  as  an  improved  understanding  of  the  turbulent  mixing  and 
heat  transfer  processes  within  the  engine  cylinder. 

The  optimal  fuel  for  low-temperature  Cl  engines  will  likely  be  a 
low-cetane  number  fuel  [355],  or  one  with  a  mid-octane  rating,  to 
delay  ignition  until  sufficient  fuel-air  mixing  can  occur.  It  is 
anticipated  that  these  engines  will  place  increased  restrictions 
on  the  allowable  biofuel/petro-fuel  blend  properties.  As  the 
operational  modes  of  advanced  diesel  and  HCCI  engines  move 
closer  together  [170,355],  so  will  the  fuel  requirements  of  each 
engine,  perhaps  leading  someday  to  a  single,  relatively  tight,  fuel 
specification  for  a  variety  of  low-temperature  combustion  engines. 

4.3.  External-combustion  engines 

In  the  future,  the  increased  electrification  of  ground- 
transportation  vehicles  with  hybrid-electric  powertrains  will 
reduce  the  need  for  high-power  engines  that  can  rapidly  shift 


1408 


J.M.  Bergthorson,  M.J.  Thomson  /  Renewable  and  Sustainable  Energy  Reviews  42  (2015)  1393-1417 


Intake 
A  Valve 


Exhaust 

Valvej 


Fig.  5.  Cartoon  of  a  low-temperature  diesel  combustion  process.  Higher  levels  of 
premixing  of  the  fuel  with  air  and  exhaust  gases  reduces  the  flame  temperatures  to 
reduce  the  formation  of  both  soot  and  NO*  emissions.  The  partially-premixed  flame 
(PPF)  will  typically  be  longer  and  broader  than  in  a  traditional  Cl  engine  because  of 
higher  levels  of  premixing.  The  flame  is  blue  colored  due  to  chemi-luminescence 
from  formaldehyde,  CH  and  other  species,  and  because  there  is  no  soot  formed  to 
incandesce  [123,229], 

Cartoon  inspired  by  images  presented  in  Refs.  [123,229,353,354], 


extracted  by  the  engine  so  as  to  improve  the  overall  thermal 
efficiency  [234,359,361-367],  Such  burners  could  also  be  used  for 
smaller-scale  power  generation  [368,369],  and  can  also  allow 
control  of  the  peak  flame  temperature  in  order  to  match  this  to 
the  requirements  of  the  engine  and  reduce  excess  NOx  formation 
[356,362,363,366],  Reduction  of  the  fuel-air  equivalence  ratio  to 
leaner  conditions  while  maintaining  the  same  peak  combustor 
temperature  through  heat  recirculation  reduces  unburned  hydro¬ 
carbons  and  other  pollutant  emissions  [362],  A  cartoon  of  the  type 
of  combustion  process  involved  in  a  heat-recirculating  burner 
coupled  to  an  external-combustion  (Stirling)  engine  is  provided 
in  Fig.  6  [362,370,371], 

Heat-recirculating  burners  extend  what  can  be  defined  as  a  fuel 
due  to  the  extension  or  near-elimination  of  flammability  limits 
[362,366,372],  The  use  of  heat-recirculation  within  a  porous 
reactor  allows  combustion  at  extremely  low  equivalence  ratios  or 
with  very-low-energy-content  fuels,  resulting  in  low  NOx  exhaust 
emissions  [362,364,365,373],  Similar  gains  can  be  achieved  with 
counter-flowing  streams  of  reactive  mixtures  separated  by  heat- 
conducting  walls  [362,366,374],  such  as  the  swiss-roll  burner 
[362,363,368,372,374]  or  the  counter-flow  heat-exchanging  bur¬ 
ner  [362,374,375],  Recent  work  has  shown  that  the  flames  in  such 
burners  stabilize  through  ignition  at  the  locally-high  wall  tem¬ 
peratures  within  the  excess-enthalpy  zone  and  that  flame  stretch¬ 
ing  can  significantly  increase  the  flame  stabilization  over  a  wider 
range  of  firing  rates,  allowing  further  fuel-flexibility  or  variability 
in  the  power  output,  as  well  as  showing  that  2-D  effects  can 
hinder  the  flame  stabilization  for  very  small  channels  [370],  More 
work  is  needed  to  understand  the  effect  of  a  heat  load,  into  the 


from  idle  to  full-power  mode.  The  use  of  electric  motors  to  drive 
the  wheels  in  a  series-hybrid  vehicle  converts  the  combustion 
engine  into  a  range-extending  device,  where  the  motor  runs  at  an 
optimal  steady  state  and  the  shaft  power  is  converted  to  electricity 
by  a  generator.  The  fact  that  the  engine  no  longer  needs  high 
performance  in  terms  of  power,  torque,  etc.,  allows  it  and  the 
gearing  to  be  tuned  so  that  the  engine  operates  at  a  high-efficiency 
state  and  provides  an  optimal  power  level  for  the  generator, 
thereby  maximizing  the  efficiency  of  converting  the  chemical 
energy  within  the  fuel  to  motive  energy  (power).  When  such  a 
vehicle  powertrain  is  envisaged,  the  current  SI  or  Cl  internal- 
combustion  engines  do  not  necessarily  provide  the  optimum 
performance.  External-combustion  engines,  such  as  engines  based 
on  the  Rankine  or  Stirling  cycles,  could  potentially  reach  higher 
efficiencies,  lower  total  emissions  and  provide  quieter  operation 
than  traditional  1C  engines  [356-358],  but  have  not  gained  wide¬ 
spread  acceptance  due  to  high  costs,  low  torque  and  poor  response 
to  load  changes  [359,360],  As  discussed  above,  the  torque  and  load 
response  are  not  a  factor  when  the  external-combustion  engine  is 
coupled  directly  to  an  electrical  generator,  making  such  engines 
possible  candidates  for  future  hybrid-electric  vehicles. 

One  issue  with  such  engines  is  that  combustion  takes  place 
externally  to  the  engine  and,  thus,  the  thermal  energy  after 
combustion  cannot  be  extracted  for  shaft  work  as  effectively  as 
it  is  during  the  expansion  process  within  an  internal  combustion 
engine.  In  external-combustion  systems,  a  significant  amount  of 
thermal  energy  can  be  lost  through  the  exhaust  products,  which 
would  nominally  leave  the  vehicle  at  the  high  temperature 
associated  with  the  hottest  part  of  the  heat  engine.  A  typical 
external-combustion  engine  input  temperature  is  somewhere 
around  1000-1400  I<  to  maximize  thermal  efficiency  while  pre¬ 
venting  engine  damage  or  excessive  parasitic  heat  losses,  e.g. 
[361],  In  order  to  reduce  the  loss  of  thermal  energy  in  the  exhaust, 
heat-recirculating  burners  transfer  heat  from  the  hot  exhaust  to 
preheat  the  cold  reactants  and  provide  an  excellent  means  of 
concentrating  the  thermal  energy  in  the  region  where  heat  is 


Premixed 

fuel/air 


Fig.  6.  Cartoon  of  a  heat-recirculating  burner  coupled  to  a  Stirling  engine.  Cold  fuel 
and  air  is  premixed  and  is  preheated  by  the  hot  combustion  products,  reducing 
their  temperature  and  thus  reducing  the  thermal  energy  loss  in  the  exhaust  and 
increasing  the  thermal  efficiency  of  the  burner.  The  heat  recirculation  can  improve 
the  flame  stability  of  a  flame  stabilized  within  the  burner.  An  actual  burner  would 
likely  require  many  relatively  small  channels,  as  opposed  to  the  single  flame 
channel  depicted  here,  in  order  to  provide  a  sufficient  heat  load  to  the  engine.  Heat 
is  extracted  from  the  hot  combustion  products  to  the  external-combustion  heat 
engine,  which  can  achieve  high  thermal  efficiencies. 

Cartoon  of  burner  design  inspired  by  Ref.  [362],  flame  shape  inspired  by  numerical 
simulations  from  Ref.  [370],  and  Stirling  engine  image  obtained  from  Ref.  [371]. 


J.M.  Bergthorson,  M.J.  Thomson  /  Renewable  and  Sustainable  Energy  Reviews  42  (2015)  1393-1417 


1409 


Electrical 

Power 

Out 


Fig.  7.  Cartoon  of  a  fuel-reformer  and  solid-oxide  fuel  cell.  The  fuel  reformer 
partially  oxidizes  a  fuel-rich  mixture  and  produces  a  hydrogen-rich  syngas  that  is, 
subsequently,  oxidized  in  the  solid  oxide  fuel  cell  by  oxygen  ions  transported 
through  the  solid  metal-oxide  electrolyte.  Electrical  power  is  produced  by  the  ion 
flow  and  can  power  a  hybrid  electric  vehicle. 


engine,  on  such  burner  designs.  It  may  also  be  possible  to  use  low- 
temperature  flameless  oxidation  [334]  or  MILD  combustion  [335] 
to  simultaneously  improve  combustion  efficiency  and  reduce 
pollutant  emissions  in  such  systems,  similar  to  the  low- 
temperature  combustion  approaches  being  used  in  advanced  HCCI 
and  low-temperature-combustion  Cl  engines,  and  more  work  is 
needed  in  this  area. 

Heat-recirculating  burners  are  inherently  fuel-flexible  by  their 
design  [365,376];  they  have  the  ability  of  stabilizing  a  wide  range 
of  different  fuels  within  the  same  geometry  by  optimizing  the  fuel 
and  air  feed  rates  for  each  different  mixture.  Fuel  flexibility  will 
allow  the  optimum,  i.e.,  cheapest  and  cleanest,  fuel  source  to  be 
used  at  any  given  time.  The  cleanest  fuel  will  be  the  one  with  the 
lowest  total  life-cycle  pollutant  emissions,  including  greenhouse 
gases.  Lower  life-cycle  greenhouse  gas  emissions  should,  generally, 
correlate  with  lower  levels  of  fuel  upgrading  for  the  same  feed¬ 
stock,  since  upgrading  typically  involves  addition  of  energy  and/or 
hydrogen  to  the  process  that,  currently,  have  associated  carbon 
footprints.  In  an  energy-  and  carbon-constrained  world,  improve¬ 
ments  in  ultra-low-emissions  combustors  and  high-efficiency  heat 
engines  could  provide  considerable  savings  over  incremental 
improvements  in  biomass-to-biofuel  conversion  efficiency. 


4.4.  Fuel  cells 

If  the  purpose  of  the  engine  in  advanced  ground-transportation 
vehicles  is  simply  to  convert  chemical  energy  to  electric  power 
(energy),  then  a  direct  conversion  through  the  use  of  a  fuel  cell  can 
possibly  lead  to  higher  efficiencies,  and  lower  pollutant  emissions, 
than  the  combustion  processes  within  internal-  or  external- 
combustion  heat  engines.  Traditional  polymer-electrolytic- 
membrane  (PEM)  fuel  cells  require  pure  hydrogen  as  a  fuel  and, 
therefore,  have  not  achieved  significant  market  penetration  due  to 
the  fact  that  no  widespread  hydrogen  refueling  infrastructure 
exists  and  because  of  the  low  volumetric  energy  density,  and 
safety  concerns,  associated  with  hydrogen  transport  and  storage. 
More  advanced  solid-oxide  fuel  cells  make  use  of  both  hydrogen 
and  carbon  monoxide  as  fuels  and,  thus,  can  operate  on  a  wide 
variety  of  hydrocarbons,  which  typically  need  to  be  reformed 
either  internally  to  the  cell  [166,295]  or  upstream  of  it  to  generate 
the  necessary  hydrogen  and  carbon  monoxide  syngas  mixture 
required  by  the  fuel  cell  [22,163,164,295,343,377-380],  A  cartoon 
of  a  fuel-reformer  and  fuel-cell  power  system  is  given  in  Fig.  7. 


Cooling  air 


Fig.  8.  Cartoon  of  an  axially-staged  premixed  low-emissions  gas-turbine  combus¬ 
tor.  The  pilot  flame  is  stabilized  within  a  swirl  flow  after  the  fuel  is  rapidly  mixed 
with  air,  resulting  in  a  fuel-lean  premixed  pilot  flame.  The  bulk  of  the  fuel  is  burned 
in  the  primary  flame  zone,  which  is  again  formed  after  rapid  premixing  the  fuel 
with  air  to  prevent  auto-ignition  into  the  premixer.  The  primary  flame  is  diluted 
and  preheated  by  the  combustion  products  of  the  pilot  flame,  which  allows  a  flame 
to  be  stabilized  at  lower  fuel-air  ratios  and,  thereby,  reduces  flame  temperatures 
and  NO*  emissions.  Soot  emissions  are  greatly  reduced  due  to  the  rapid  premixing 
of  fuel  and  air  and  avoidance  of  high-temperature  fuel-rich  zones. 

Cartoon  inspired  by  figures  in  Ref.  [296], 

Therefore,  fuel-flexible  reformer  technologies  could  enable  a 
wide  variety  of  hydrocarbon-containing  fuels  to  be  used  on  a  fuel 
cell  vehicle  [295,379,380].  Optimization  of  the  reformer  tempera¬ 
ture,  pressure  and  fuel-and-air  feed  rates  might  be  needed  if  the 
fuel  composition  changed  radically,  but  such  systems  could  be 
much  more  fuel-flexible  than  vehicles  operating  on  traditional 
SI  and  Cl  engines,  or  advanced  HCCI  and  low-temperature- 
combustion  Cl  engines.  The  fuel  reformers  can  either  involve  the 
exothermic  partial  oxidation  of  the  fuel,  as  would  occur  internally 
to  the  cell,  or  endothermic  steam  reforming  in  a,  typically  catalytic, 
reactor  upstream  of  the  cell,  or  a  combination  of  the  two  reactions 
[164,379],  Such  reformers  could  rely  on  heat-circulating  burners 
[164,362,363,373,374,380,381],  catalysts  [164,379,382,383],  and 
plasma-assisted  combustion  devices  [164,345,382-384],  or  a 
combination  of  these  technologies  [383],  to  optimize  their 
performance. 

4.5.  Advanced  low-emissions  gas-turbine  (jet)  engines 

For  aviation  propulsion,  the  gas-turbine  engine  will  remain  the 
key  propulsion  technology  due  to  its  established  safety  record  and 
high  power  density  [294],  In  order  to  meet  future  pollutant- 
emissions  regulations  that  will  likely  be  imposed  upon  next- 
generation  engines,  advanced  low-emissions  combustor  technol¬ 
ogies  will  be  needed.  As  with  the  transition  from  traditional  to 
low-temperature  Cl  engines,  advanced  gas-turbine  combustors 
will  employ  higher  levels  of  premixing  and  dilution  with  excess 
air  and  exhaust  gases  in  order  to  reduce  emissions,  since  soot  can 
be  eliminated  for  premixed  flames  and  the  NOx  emissions  scale 
strongly  with  flame  temperature  [107,295].  One  potential 
approach  demonstrated  to  date  is  the  use  of  piloted  and  staged 
combustion  [107,295,347],  as  in  the  twin  annular  premixing 
swirler  (TAPS)  burner  [296,385-387],  A  greatly  simplified  cartoon 
of  such  a  staged  combustion  system  is  provided  in  Fig.  8.  A  fraction 
of  the  fuel  stream  is  burned  with  air  in  a  premixed  pilot  flame  that 
is  stabilized  by  a  swirl  burner  and  operates  at  fuel-lean,  but 
relatively  high-temperature,  conditions.  The  main  fuel  and  air 
flow  are  mixed  rapidly  with  cyclone  technologies  in  a  primary 
swirl  burner  that  stabilizes  the  primary  flame.  This  flame  is 
partially  or  technically  premixed  due  to  the  high  turbulence 
upstream  of  the  flame  zone  and  is  both  stabilized  and  diluted  by 
the  entrainment  of  hot  combustion  products  from  the  pilot  flame 
zone  [107,295],  The  premixing,  preheating  and  dilution  of  the 
mixture  greatly  reduces  soot  emissions  and  allows  flame  stabiliza¬ 
tion  in  the  primary  flame  at  leaner  conditions  than  otherwise 
possible,  thereby  reducing  flame  temperatures  and  NOx  emissions 
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[294,296].  Such  staged  combustion  systems  can  also  reduce  the 
engine  power  during  cruise  by  shutting  off  the  fuel  flow  to  some 
primary  flame  zones,  maintaining  combustion  stability  in  the 
other  burners  by  eliminating  the  need  to  reduce  the  flow  to  all 
combustors  equally  [294], 

The  combustion  process  in  the  diluted  primary  flame  is 
strongly  affected  by  its  entrainment  of  hot,  vitiated  air  and 
combustion  products  from  the  pilot  flame  [295,296].  The  reduced 
oxygen  content  and  elevated  temperatures  of  the  mixture 
decrease  the  auto-ignition  time  of  the  mixture  [294]  while  also 
increasing  the  characteristic  time  of  flame  propagation.  Recent 
experiments  have  shown  how  auto-ignition  and  turbulent  flame- 
propagation  processes  can  interact  to  affect  the  overall  combus¬ 
tion  rate,  leading  to  a  combustion  process  that  varies  spatially 
from  a  thin  premixed  flame  to  a  low-temperature  ignition  flame 
to  a  well-stirred  distributed  reaction  zone  regime  [347,388], 
As  discussed  for  Cl  engines,  the  low-temperature  chemistry  that  is 
important  for  auto-ignition  of  aviation  fuels  is  sensitive  to  the  fuel 
composition  and,  therefore,  advanced  lean-premixed  gas-turbine 
engines  will  be  quite  sensitive  to  the  combustion  properties  of  the 
alternative  aviation  fuels,  including  the  cetane  number  [388], 

Indeed,  such  lean-premixed  combustion  strategies  appear  to 
require  tight  tolerances  on  the  fuel  properties  in  order  to  ensure 
emissions  compliance  [295],  Ignition  of  these  advanced  combus¬ 
tion  systems  will  also  be  more  sensitive  to  the  fuel  vapor  pressure 
and  combustion  properties,  since  the  spark  kernel  has  a  smaller 
amount  of  fuel  locally  available,  due  to  the  fuel-lean  operation  as 
compared  to  traditional  fuel-rich  systems,  to  vaporize  and  ignite 
[324],  Using  a  premixed  combustion  process  can  also  lead  to 
complex  acoustic  interactions  between  the  flames  and  the  com¬ 
bustor  dynamics,  potentially  leading  to  catastrophic  failure 
[296,389,390].  Additionally,  flashback  of  the  flame  into  the  pre¬ 
mixing  chamber  can  result  in  significant  engine  damage  and  is  an 
area  of  active  research  [391-393],  As  a  result  of  these  various 
factors,  future  low-emissions  lean-premixed  engine  designs  may 
actually  require  a  narrower  fuel  specification  compared  to  the 
current  ASTM  fuel  specification  [54].  In  order  to  provide  fuel- 
flexible  engine  operation,  or  enable  a  broader  jet  fuel  specification 
than  at  present,  ignition  problems  and  combustion  instabilities 
would  need  to  be  eliminated  through  combustor  control  technol¬ 
ogies  [296,394],  which  could  potentially  employ  plasma-assisted 
combustion  [345,347,348,395-401].  Plasma-assisted  combustion 
strategies  have  been  shown  to  decrease  the  lean  limit  of  flame 
operation  in  bluff-body  recirculating  flame  stabilizers  [345,395- 
399],  which  can  enable  lower-emissions  operation,  but  the  level  of 
NO  emissions  increases  linearly  with  the  applied  discharge  power 
[399],  suggesting  that  the  plasma  power  and  fuel-air  ratio  must  be 
optimized  together  to  minimize  emissions. 


5.  Summary  and  conclusions 

Advanced  biofuels  derived  from  non-edible  biomass  sources, 
such  as  organic  waste  materials,  cellulosic  biomass  grown  with 
limited  agricultural  inputs,  and  algae-derived  oils,  can  contribute 
to  reducing  energy  dependence  on  fossil  fuels  and  lowering 
greenhouse-gas  emissions  from  transportation.  Research  and 
development  of  new  technologies  to  transform  the  biomass  into 
different  kinds  of  fuels  is  working  towards  increasing  energy 
efficiency  and  reducing  conversion  costs.  The  long-term  trend  in 
the  industry  appears  to  be  moving  away  from  generating  an  ever- 
increasing  array  of  potential  new  fuel  molecules  to  developing 
conversion  technologies  that  produce  drop-in  fuels  compatible 
with  existing  infrastructure  and  vehicles. 

Current  combustion  engines  have  been  optimized  over  a 
century  to  work  with  the  available  petroleum  hydrocarbon  fuels. 


Advances  in  our  understanding  of  the  influence  of  specific  chemi¬ 
cal  compounds  on  the  resulting  combustion  performance,  and 
attendant  emissions,  of  a  fuel  enables  the  tailoring  of  a  fuel,  or  fuel 
blend,  for  an  existing  engine  technology  or  the  tuning  of  an  engine 
for  a  desired  fuel.  The  former  is  much  easier  to  accomplish  with  an 
existing  legacy  fleet  and,  thus,  it  appears  to  be  the  most  likely 
route  forward  in  the  short  term.  The  extra  processing  of  the  fuel 
needed  to  have  it  match  an  engine  technology  as  a  drop-in  fuel  has 
costs  in  terms  of  economics,  energy  efficiency,  and  life-cycle 
emissions  that  need  to  be  considered.  This  is  the  clear  trade-off 
in  biofuel  conversion  and  combustion  technologies:  the  further 
the  fuel  is  processed  to  match  existing  engines  the  lower  the 
overall  system  efficiency,  but  this  is  offset  in  the  short  term  by 
avoiding  a  costly  overhaul  of  the  fleet  with  new  technology.  Less 
refining  of  the  raw  fuels  can  lead  to  improved  overall  life-cycle 
energy  efficiency,  but  differences  in  the  combustion  characteristics 
of  these  new  fuels,  and  the  resulting  pollutant  emissions,  must  be 
addressed  through  combustion  research  and  advanced  engine 
development. 

The  fundamental  combustion  and  emissions  properties  of 
advanced  biofuels,  and  their  blends  with  petro-fuels,  influence 
engine  performance  and  emissions.  Both  oxygenated  and 
synthetic-hydrocarbon  biofuels  have  high-temperature  combus¬ 
tion  properties  that  are  similar  to  petro-fuels,  with  the  largest 
differences  under  the  low-temperature  chemistry  conditions 
important  for  determining  the  octane  and  cetane  numbers  and 
the  resulting  performance  in  compression-ignition  diesel  and  HCC1 
engines.  Generally,  oxygenated  biofuels  produce  lower  intrinsic 
NOx  and  soot  emissions  than  petro-fuels,  mainly  due  to  the 
removal  of  some  fuel  carbon  from  the  radical  pool  that  leads  to 
prompt-NO  and  soot  formation,  because  of  the  initial  carbon- 
oxygen  bonds  in  the  oxygenated  fuel.  The  results  from  specific 
engine  tests  can  be  affected  by  a  host  of  complicating,  but 
reasonably-well  understood,  factors.  Synthetic  hydrocarbons  from 
biomass-to-liquid  or  hydrotreatment  technologies  are  drop-in 
fuels  with  excellent  compatibility  with  existing  infrastructure 
and,  generally,  improve  engine  performance  and  reduce  total 
emissions  compared  to  petro-fuels,  mainly  due  to  their  reduced 
concentration  of  aromatic  hydrocarbon  components.  Combustion 
design  tools,  and  a  variety  of  fundamental  laboratory  combustion 
apparatus  for  validating  these  models,  exist  to  analyze  any 
potential  new  fuel  molecule,  or  blend,  for  compatibility  with 
existing  engines,  or  to  design  a  new  engine  or  combustor  for  a 
specific  fuel  blend. 

Advanced  internal-combustion  engines  are  aiming  at  improv¬ 
ing  fuel  efficiency,  while  reducing  pollutant  emissions,  by  utilizing 
low-temperature  combustion  strategies.  Current  ignition  and 
combustion  control  strategies  appear  to  require  tighter  fuel 
specifications  than  are  needed  for  traditional  SI  and  Cl  engines. 
It  appears  that  advanced  diesel  and  HCCI  engines  will  both  require 
fuel  properties  that  are  more  similar  to  each  other  than  are 
traditional  gasoline  and  diesel  fuels,  which  will  drive  demand  for 
the  products  of  specifically-tuned  and  high-efficiency  thermal  or 
biochemical  conversion  processes.  In  contrast,  fuel-flexible  com¬ 
bustion  or  reformation  coupled  with  external-combustion  engines 
or  fuel  cells  could  lead  to  high-efficiency  and  ultra-low-emissions 
hybrid-electric  powertrains  for  future  ground  transportation  vehi¬ 
cles  that  may  provide  significantly  lower  well/field-to-wheel  life- 
cycle  emissions  and  lower  operating  costs. 

Moving  forward,  a  combination  of  approaches  will  be  needed: 
beginning  with  drop-in  fuels  so  as  to  reduce  the  carbon  footprint 
of  the  global  legacy  vehicle  fleet,  while  moving  towards  an 
eventual  optimization  of  the  entire  biofuel  life  cycle  including 
the  devices  that  convert  the  fuel  to  shaft  power  or  electrical 
energy.  An  increase  in  fuel-flexible  technologies  will  enable  con¬ 
sumers  to  switch  to  the  cleanest  and/or  cheapest  available  fuel  in 
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any  given  region  at  any  given  time,  and  can  be  accompanied  by  an 
overall  increase  in  the  system  energy  efficiency  compared  to 
today's  vehicles  and  generators.  These  fuel-flexible,  high-effi- 
ciency,  and  ultra-low-emissions  technologies  will  be  needed  to 
meet  society's  transportation  needs,  while  maintaining  urban  air 
quality,  in  the  face  of  an  energy-  and  carbon-constrained  world. 
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